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ABSTRACT

In last decades, significant concerns have been raised regarding the global warming
effects. To date, about one-third of the total anthropogenic CO2 emission results from
power generation using fossil based fuel and CO2 is regarded as the main contributor to
global warming. Therefore, technologies for efficient capture of CO2 are becoming of
great value. In this respect, Chemical-Looping Combustion (CLC) has received
significant attention as a promising technology facilitating concurrent CO2 capture and
power generation. This non-conventional technique employs a solid carrier, known as
oxygen carrier, to supply oxygen and it facilitates the combustion process in absence of
N2 diluted air. Therefore, the combustion products (CO2 and water) are easily separable
without any extra downstream processing cost involved in other available alternatives.
However, the

non-availability of suitable oxygen carriers still

hinders the

commercialization of CLC. This study, thus, deals with the development of a new mixed
metallic oxygen carrier, Ni-Co/La-γ-Al2O3. Several characterization techniques are used
to evaluate the reactivity and stability of the prepared oxygen carriers under the
industrial-scale conditions of a CLC processes. Apart from the beneficial effects of La
and Co, the reducibility and the structural properties of the prepared oxygen carriers are
found to be influenced significantly by the different preparation methods used.
N2 adsorption isotherms show that γ-Al2O3 retains its structural integrity under some
specific preparation conditions. Reducibility as determined by consecutive temperature
programmed techniques resembles the chemical properties of δ- and θ-Al2O3 for the other
preparation techniques. However, no bulk phase change is detected for all the oxygen
carriers studied using XRD. The SEM/EDX and H2 chemisorption analyses show the
absence of metal agglomeration and suggest that the prepared oxygen carriers are highly
stable under CLC operating conditions. The prepared oxygen carriers are also tested for
reactivity, stability and fluidizability in the CREC Riser Simulator using multiple
reduction/oxidation cycles with CLC fuel. Results obtained show expected reducibility,
oxygen carrying capacity and stability. The solid-state kinetics of the reduction processes
are developed using nucleation and nuclei growth model (NNGM) and unreacted
ii

shrinking core model (USCM). The NNGM model shows better adequacy over USCM in
describing the mechanism of reduction process.

Keywords: CO2 capture, CLC, chemical looping, Ni-based oxygen carrier, mixed
metallic oxygen carrier, gamma-alumina, phase transformation, nucleation and nuclei
growth, reduction kinetics, solid-state kinetics, non-isothermal kinetics.
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CHAPTER 1

INTRODUCTION
The rapid increase of the global average surface temperature and its direct irreversible
consequence on ecological systems have been encouraging factors towards scientific and
technological advancement in recent years (Hossain et al. 2008). The world has now a
better understanding of the climatic systems and of the long-term impact of the rising
temperature. In this respect, a major part of the scientific community recognized the
extensive use of fossil fuels as the primary concern. This is exacerbated by the high
demand of today’s world population for resources. As a result, industrial activity and
growth are contributing notably towards the increased atmospheric concentration of
greenhouse gases (COx, NOx, SOx, CH4, H2O and SF6) (Adanez et al. 2012). This
increased concentration of greenhouse gasses are absorbing the long wave radiation
emitted by the heated earth surface. This way the escape of heat is prevented from the
earth’s atmosphere. Therefore, this is natural to envisage that these greenhouse gases can
be related to the increased global surface temperature, which is commonly known as
global warming.
The anthropogenic emissions of CO2 are regarded as the most prevalent one aggravating
global warming. These atmospheric emissions are the outcome of a rapidly increasing
energy demand, which mainly relies on sources originated from fossil based fuels.
Therefore, investigations on sequestration of CO2 and development of renewable power
sources are on the rise since the beginning of the last decade. However, promising
alternatives such as the use of solar, wind, biofuel and others are not yet mature enough
to effectively compensate the world’s massive energy demand (Adanez et al. 2012).
Thus, the substitution of fossil fuels with renewable sources is likely not foreseeable in
the near future. As a result, advances towards the development of technologies capable of
fossil fuel combustion without nitrogen-diluted exhaust gases are on the rise with facility
of CO2 capture and storage.
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The available CO2 capturing process can be classified into three categories based on the
approach as follows: (i) pre-combustion, a process of producing hydrogen from a
hydrocarbon or carbonaceous fuel with the help of steam, (ii) oxy-fuel combustion, which
uses pure oxygen obtained from cryogenic nitrogen separation from air and (iii) postcombustion, where a CO2 rich flue gas is subjected to absorption and/or adsorption
process over a suitable solvent or solid sorbent and alternatively to membrane separation.
All of these technologies have undergone great development and some of them have been
adopted for commercial application. A brief overview of the current status of these
technologies will be found elsewhere (Granite et al. 2005; Hossain 2007; MacDowell et
al. 2010; Toftegaard et al. 2010). However, these techniques require energy intensive
downstream processing, which results in a significant decrease of the overall combustion
efficiency and an increase in the cost of the energy production.
With respect to technologies, which have the ability to separate the combustion of fuel
from the diluted air stream, Chemical Looping Combustion (CLC) is identified as the
most promising one. CLC is capable of delivering performance and efficiency without
compromise (Adanez et al. 2012; Thomas et al. 2005).

Figure 1: Typical schematic diagram of the Chemical Looping Combustion process
2

CLC, a reversible combustion method (Lewis et al. 1951; Richter et al. 1983), typically
employs a dual fluidized bed reactor system: an air reactor (AR) and a fuel reactor (FR),
as illustrated in Figure 1. A metal known as an oxygen carrier is circulated between these
two interconnected reactors. The solid carrier in its oxide form provides the oxygen
needed for combustion in the FR. The oxygen depleted solid material is then transferred
to the regenerator to be re-oxidized and recycled back to the fuel reactor closing in this
manner the CLC “loop”. The generalized reaction stoichiometry for both the FR and AR
can be expressed as follows:
FR:

(1)

AR:

(2)

The separation of fuel and air reactors avoids dilution of flue gas stream with nitrogen.
Therefore, the flue gas is constituted primarily by carbon dioxide and water vapor.
Condensation of the water vapor allows the separation of carbon dioxide without the need
of an extra separation step and avoids energy penalty for downstream processing.
Moreover, the total combustion enthalpy over the two steps is the same as conventional
combustion where the fuel is burned in direct contact with oxygen from air. Furthermore,
given that oxygen is supplied in CLC via a solid carrier; this eliminates the need for air in
the fuel reactors. Thus, there is no nitrogen-oxygen contacting in the fuel reactor and as a
result no opportunity for nitrogen oxide formation (Adanez et al. 2012; Hossain et al.
2008).
The efficiency of power generation has been reported to be in the range of 52-53 % for
pressurized CLC with natural gas as the fuel (Naqvi and Bolland 2007; Naqvi, Wolf, et
al. 2007; Wolf et al. 2005) with the state-of-the art technology for CO2 capture. This is
about 3-5% more efficient than conventional natural gas fired power generation processes
(Anheden et al. 1998; Kvamsdal et al. 2006; Naqvi and Bolland 2007). A 2% drop in the
efficiency from a pulverized fuel fired power plant is reported if coal is used as a CLC
fuel (Anheden et al. 1998). The energy penalties were reported much higher for precombustion and oxy-fuel processes. The estimated cost for the capture of CO2 was
calculated 8-17.5$ for per ton of CO2 avoided, with this being low enough while
3

compared to pre-combustion (24-49.5$) and oxy-fuel processes (17.3-40$) (Adanez et al.
2012).
However, the large-scale application of CLC is still contingent upon the availability of
suitable oxygen carriers with desired physical and chemical properties. For example, the
extent of re-oxidation as described by Eq. (2) is highly dependent on the reaction
condition and active metal characteristics of the carrier. The heat of reduction reaction
also depends on the choice of metal used as oxygen carrier. The exothermic or
endothermic nature of the reduction process dictates the solid circulation rate between the
reactors. Oxygen carrier particles should also have high oxidation and reduction activity,
stability under repeated oxidation/reduction, mechanical strength in fluidized beds and
resilience to agglomeration (Adanez et al. 2012; Hossain et al. 2008). Therefore,
significant research efforts are still concentrated towards the development of oxygen
carrier preparation and their evaluation in CLC operating condition. Chapter 2, thus,
presents a detailed overview of the oxygen carriers already developed and characterized.
This chapter also highlights the ongoing challenges of producing adaptable carrier
particles for CLC operation.
The present study considers in Chapter 3 the development a new Ni-based mixed metallic
oxygen carrier for CLC application. Following this, the preparation methods and other
techniques for accurate estimation of the physicochemical properties of the oxygen
carrier, are described in Chapter 4. Reactivity and stability of the prepared oxygen
carriers under high thermal and mechanical stresses, similar to the ones an oxygen carrier
may experience in a CLC process, are described in Chapter 5. Chapter 6 and 7 report
oxygen carrier reactivity data using two CLC fuels (H2 and CH4) under both fixed bed
and fluidized bed conditions. These chapters also report the kinetic modeling together
with estimation of kinetic parameters. Chapter 8 provides concluding remarks and
recommendations.
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CHAPTER 2

LITERATURE REVIEW
2.1 Introduction
The basic concept of CLC was first proposed by Lewis and Gilliland (Lewis et al. 1951,
1954) for the production of pure CO2. However, Ishida et al. (Ishida et al. 1987) were the
first ones to introduce the name of “Chemical-Looping Combustion (CLC)” in their
thermodynamic study. This research was aimed at reducing the exergy loss caused by the
conversion of fuel energy to thermal energy in conventional power plants using natural
gas. The proposal of introducing this technology as part of the CO2 capturing process was
also initiated by these authors in 1994 (Ishida et al. 1994a). Since then, research and
development have significantly increased with the potential of considering CLC for both
solid and gaseous fuels.
Nowadays, there are other established branches of CLC such as Chemical Looping
Reforming (CLR), Chemical Looping with Oxygen Uncoupling (CLOU) Chemical
Looping Steam Reforming (SR-CLC), Chemical Looping Hydrogen (CLH) generation
and Integrated Gasification and Chemical Looping Combustion (IG-CLC). A
considerable amount of literature has been published during the past 10 years in these
branches. An overall status of CLC technologies including the CLR, CLH and CLOU
processes has recently been published by Adanez (Adanez et al. 2012). The developments
of CLC with solid fuel have also been summarized recently by Fan (Fan et al. 2012).
Furthermore, Lyngfelt (Lyngfelt 2011) has made a compilation of the operational
experiences with CLC prototypes.
Based on the intent of the present PhD dissertation, this review covers mainly the
development of CLC with gaseous fuels. Chemical looping particle performance and
looping reactor engineering are the key drivers to the success of chemical looping process
development. Therefore, major research and development in last 10 years have been
focused on the preparation and evaluation of suitable oxygen carriers. A considerable
5

amount of work has been made on reactor design and its performance under CLC
conditions. After a brief summary of the status of CLC prototypes, this chapter mainly
discusses the selection, preparation and characterization of the oxygen carriers used for
gaseous fuels with relevant kinetics under repeated oxidation and reduction cycles.

2.2 Development of CLC Technologies
Two interconnected fluidized-bed reactors at atmospheric pressure are the most common
configuration of existing CLC plant around the world at the moment. Circulating
fluidized bed (CFB) technology has been used for decades in several processes like solid
fuel combustion (coal, biomass, and residue) or fluid catalytic cracking (FCC) and as a
result is reliable and mature. It is, therefore, easily adaptable to CLC and promoting the
option of a full scale commercial CLC plant within few years.
Table 1: Overview of CLC units with gaseous fuel (Adanez et al. 2012; Lyngfelt 2011)
Unit Size
(kWth)

Configuration
AR-FR

Fuel

Oxygen carrier

Time
(hr)

Year

10

CFB-BFB

NG*

NiO, Fe2O3,
Mn3O4,

1350

2004

0.3

CFB-BFB

NG,
SG*

NiO, Fe2O3,
Mn3O4, Ilminite

730

2006

Korean Institute of
Energy Research,
(KIER)

50

CFB-BFB

NG

28

2004,

300

2010

Institute of
Carboquimica,
(ICB-CSIC), Spain

10

BFB-BFB

NG,
SG
NG

CuO, NiO

140

2006

0.5

BFB-BFB

NG

660

2009

KAIST

1

BFB-BFB

NG

CuO, NiO
NiO and Fe2O3
mixed

N/A

2009

140

DCFB

NG,
SG

NiO, Ilminite

390

2009

15

DCFB

NG

NiO

100

2009

10

BFB-BFBBFB

NG

NiO

N/A

2010

Location
Chalmers
University of
Technology,
CHALMERS,
Sweden

Technical
University of
Viena, Tuwien,
Austria
Alstom Power
Boiler, France
IFP-Total, France

BFB-BFB

NiO, CoO,

* NG: Natural Gas, SG= Syngas, DCFB = Dual Circulation Fluidized Bed
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In 2001, Lyngfelt et al. (Lyngfelt et al. 2001) proposed the tentative chemical-looping
combustion process based on an interconnected CFB and bubbling fluidized bed (BFB)
for AR and FR respectively. Since then, more than 4000 hrs of operation with several
CLC demonstration units located in various countries have been reported. These CLC
units used gaseous and solid fuels with a nominal power ranging from 300 W to 3 MW.
Table 1 lists the summary of these units with their capacity, configuration, total
operational hours as well as types of fuel and oxygen carrier used. Figure 2 displays few
typical configurations of existing CLC units.

Figure 2: Typical configuration of various interconnected twin fluidized bed reactor. (ab) 50 kW CLC unit at Korean Institute of Energy Research (Ryu et al. 2010) (c) 140 kW
CLC unit at Technical University of Viena, Tuwien, Austria.
In this respect, more than 1300 hrs of operation was reported for the 10 kW CLC unit at
CHALMERS. Several Ni- and Fe-based oxygen-carriers were evaluated with natural gas
as fuel (Dueso et al. 2009; Linderholm et al. 2008, 2009). Negligible leakage between
reactors with a high fuel conversion (98-99%) was observed. The used carrier particles
kept their integrity. Based on a 10 kW CLC unit at ICB-CSIC, complete methane
combustion with 100% selectivity was reported using a Cu based oxygen carrier (Juan et
al. 2006; de Diego et al. 2007). Moreover, no particle agglomeration and deactivation of
the oxygen carrier was found for the operating temperatures around 800 °C.

The

operational experience with a 500 W CLC unit at this location was extended to study the
reactivity with ethane and propane (Ad nez et al. 2009b; Pilar Gayán et al. 2010).
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However, the negative effect of high sulphur concentration on the deactivation of Ni
based oxygen carrier was reported. Similar high conversion of gaseous fuel has also been
demonstrated in a 140 kW CLC unit at Vienna (Bolhàr-Nordenkampf et al. 2009;
Kolbitsch et al. 2009, 2010). This unit shows a fuel conversion of up to 95% for natural
gas and 99% for syngas. To address another important issue, Alstom Power Boiler
(Mattisson et al. 2009) studied the attrition behavior of Ni based oxygen carriers using
natural gas as the fuel with their 15 kW DCFB unit.

Figure 3: A 3-D drawing of the 10 MW CLSG pilot showing: (1) Air Reactor, (2) Fuel
Reactor, (3) Lower Loop Seal, (4) Bed Material Cooler, (5) Heat Recovery Steam
Generator & (6) Economizer; and Fuel Reactor particulate control system (identical to
that of the Air Reactor): (A) Primary cyclone, (B) Secondary Cyclone and (C) Bag-house
(Sit et al. 2012).
Nowadays, the largest chemical-looping combustors are based on solid fuel and located
at the Technical University of Darmstadt, Germany (1 MW unit) (Orth et al. 2012) and at
Alstom Power Inc., Windsor, USA (3 MW) (Andrus et al. 2012). Larger units (10 MW)
are planned to be built at Christina Lake near Fort McMurray, Alberta, Canada (Sit et al.
2012) to generate steam (CLC steam generator) using Ni-based oxygen carriers with
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natural gas for enhanced bitumen recovery. The preliminary design has been completed
and is expected to be operational by the year 2020. ENCAPCO2 also reported the
feasibility of a 455 MW solid fuel fired chemical-looping plant in 2005 (Morin et al.
2005).

2.3 Oxygen carriers and their fundamentals
2.3.1

Selection criteria and Mono-Metallic Oxygen Carriers:

In spite of the significant progress in CLC technology, its commercialization is still
subjected to the availability of suitable oxygen carriers. This has a direct impact on the
amount of carrier particles to be used during operation. This includes the periodic
replacement of oxygen carriers, solid circulation rates between reactors, desired fuel and
solid conversion to achieve maximum combustion efficiency, fluidizability and stability,
and thus, the overall performance of the CLC system. Therefore, the desired
characteristics of a suitable oxygen carrier (Adanez et al. 2012; Hossain et al. 2008) are
identified as follows:
i. Sufficient oxygen transport capacity.
ii. Favorable thermodynamics related to complete conversion of fuel to CO2 and
H2O.
iii. High reactivity and regenerability maintained during the successive reduction and
oxidation cycles in order to reduce oxygen carrier inventory in the reactors.
iv. Good fluidization properties, resistance to agglomeration and to attrition with
high circulation of particles to minimize the losses of particles and reactivity.
v. Minimum carbon formation to reduce the release of CO2 during the oxidation
cycle in the AR and enhance the overall capture efficiency.
vi. Simple and low manufacturing cost.
vii. Minimum environmental impact.
Regarding these key oxygen carrier properties, they are very difficult to attain with pure
metals or mineral oxides (de Diego et al. 2004; Ishida and Jin 1996). Therefore,
supported oxygen carriers are chosen appropriate because of their high surface area
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favored enhanced reactivity and increased ionic conductivity (Ishida et al. 1994b). The
use of a binder, in these cases, also improves the particle mechanical strength and reduces
the attrition rate as desired for CLC operation.
In this respect, more than 700 oxygen carriers have been tested and reported in the
literature for CLC. A comprehensive detail of these oxygen carriers would be found
elsewhere (Adanez et al. 2012; Hossain et al. 2008). In the upcoming section, an
overview of the selection process is summarized based on the above characteristics for
oxygen carrier, more specifically for mono-metallic supported oxygen carrier. The
significance of oxygen carrier engineering on process design and CLC process
development is also highlighted.

Figure 4: (a) Oxygen transport capability
of different redox system. (b) Average
annual cost of materials used for oxygen carrier preparation. (Data source, SfC: Spot for
cathodes, LME: London Metal Exchange, Mineral Commodity Summaries: US
Geological Surveys). Redrawn (Adanez et al. 2012)
2.3.1.1

Oxygen Transport Capability

The oxygen transport capacity is the most important characteristics of a suitable oxygen
carrier as it determines the solid circulation rate required for process design and inventory
calculation. Figure 4(a) shows the value of oxygen transport capability for some redox
systems of interest. Apart from the natural carrier like CaSO4, transition metal oxides
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such as Ni, Cu, Co, Fe and Mn are regarded as good oxygen carrying candidates. Abad et
al. (Abad et al. 2007a) showed that oxygen transport capacity values lower than 0.4%
may not be suitable for CLC based on 16 kg/s MW as the maximum solid circulation
rate. Below this value, the desired complete conversion of fuel to CO2 and H2O cannot be
achieved. Thus, 2 wt% of NiO or CuO in the oxygen carrier formulation is adequate,
whereas, higher metal oxide contents are required for Mn3O4 (>6 wt%) or Fe2O3 (>12
wt%) due to their lower transport capacity (Adanez et al. 2012).
However, the amount reported above was not always found to be appropriate in
transporting the desired amount of oxygen. This is due to the tendency of the metal
oxides to react with the support, forming stable and less reactive solid-solutions. The
formation of solid-solutions is enhanced at high operating temperatures of CLC. The
formation of NiAl2O4, in case of NiO supported over alumina reduces the oxygen
carrying capacity and also displays poor reducibility in CLC (Ryu et al. 2003a; Villa et
al. 2003). The formation of spinel was found to be favorable over γ-Al2O3, which is
regarded as a very attractive support, due to its high surface area. As a consequence, an
excess of NiO must be used during particle preparation to get free NiO and almost 60
wt% free NiO was observed for loadings up to 80 wt% of Ni (Adanez et al. 2012).
Similar observations were found in case of MgO and TiO2 support materials due to the
formation of Mg0.4Ni0.6O and NiTiO3 spinels (Corbella et al. 2006; Mattisson et al.
2006b; Son et al. 2006). In addition, low reactivity and deactivation as a function of the
number of cycles due to the low mechanical strength was observed for NiO supported on
SiO2 (Zafar et al. 2006) or sepiolite (Adánez et al. 2004).
However, enhanced reactivity and oxygen carrying capacity was observed for an alumina
support modified with CaO or MgO. These oxides improved both the structural stability
and inertness towards Ni by forming CaAl2O4 or MgAl2O4 (Gayán et al. 2008). Other
supports like ZrO2 (Adánez et al. 2004; Mattisson et al. 2006a) and YSZ (Ishida et al.
1996) showed good reactivity of NiO. However, their application is limited due to low
mechanical strength.
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The spinel formation (CuAl2O4) was also observed in the case of CuO over alumina
(Chuang et al. 2008a; de Diego et al. 2005; Mattisson et al. 2003). However, this material
showed high reactivity similar to that CuO. Therefore, use of a highly reactive Cu-based
oxygen carrier were reported in the literature over variety of supports like γ-/α-Al2O3,
bentonite, CuAl2O4, MgO, MgAl2O4, sepiolite, SiO2, TiO2 and ZrO2 using different
preparation techniques. Nonetheless, because of thermal stability under the CLC
operating condition the optimum preparation involved less than 20 wt% of CuO on γ-/αAl2O3, MgAl2O4 and NiAl2O4-Al2O3 (de Diego et al. 2005; Gayán et al. 2011).
The surface spinel FeAl2O4 or FeTiO3 formation was reported to have a beneficial effect
in achieving complete fuel conversion to CO2 and H2O (Abad et al. 2007). However, a
drastic drop in reactivity was found when using Fe2O3/SiO2 due to the formation of iron
silicates (Zafar et al. 2005). Mn3O4 was also reported to be very reactive with SiO2, TiO2,
Al2O3 and MgAl2O4, and to form a highly irreversible and unreactive phase (Adánez et
al. 2004; Cho et al. 2004a; Leion et al. 2007; Mattisson et al. 2003; Zafar et al. 2006).
When using Al2O3, TiO2 and MgO as an inert support for CoO, reactivity suffered due to
the strong interaction and formation of unreactive compounds such as CoAl2O4, CoTiO3
and Mg0.4Co0.6O (Adanez et al. 2012).
2.3.1.2

Thermodynamic Properties

Possible choices of oxygen carrier materials can be made based on thermodynamic
considerations (Jerndal et al. 2006; Mattisson and Lyngfelt 2001). Adanez et al. (Adanez
et al. 2012) summarized the results and reported the equilibrium constants for reduction
reactions with CO and H2 under 21 different redox systems. In line with this, possible
CLC operating temperatures (600–1200 °C) have been proposed. Based on the analysis,
the redox systems were categorized in three groups. The first group with high equilibrium
constant (>1000) is favorable for complete conversion to CO2 and H2O. CuO/Cu,
Mn3O4/MnO and Fe2O3/Fe3O4 are the suitable ones to represent this category. The
second group includes NiO/Ni, CoO/Co and Fe2O3/FeO, which have equilibrium
constants around 100. In this category, conversion in the range of 95-99.5% for H2 and
87-99% for CO was observed. The third category represents the oxygen carriers that
show very low equilibrium constants (<10) and are not recommended for CLC systems,
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such as Fe3O4/FeO and FeO/Fe. However, special FR design such as countercurrent flow
of gases and solids could eventually help to achieve complete conversion (Adanez et al.
2012). In spite of this, particle agglomeration during oxidation under air flow eliminates
this category from consideration. Similarly, the Co3O4/CoO redox system is also found to
be unfavorable for oxidation at temperatures higher than 800 °C, even though they
belong to the first group.

Table 2: Properties of suitable metal/metal oxide pairs for CLC (Jerndal et al. 2006)

Metal/Oxide

M.W.*

M.P.* B.P.*

Fe (iron)
FeO
Fe3O4
Fe2O3
Ni (nickel)
NiO
Co (cobalt)
CoO
Co3O4
Cu (copper)
Cu2O
CuO
Mn (manganese)
MnO
Mn3O4
Mn2O3
MnO2
Ce (cerium)
Ce2O3
CeO2
* M.W. = Molecular weight, M.P. = Melting point, B.P. =Boiling point

Another significant thermodynamic property for CLC is the melting point of the oxygen
carrier. A high melting point is desirable both to withstand the CLC reaction temperature
and to avoid agglomeration of circulating particles. Table 2 lists the melting point of
some metals potentially suitable for use as oxygen carriers (Jerndal et al. 2006). There is
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a concern that some metals may soften, if the selected operating temperature of CLC is
close to their melting point. For instance, Cu has a relatively low melting point (1085 °C)
and as a consequence, cannot be used above 900 °C.

Table 3: Standard heats of reaction for the CLC redox system with different oxygen
carrier (Adanez et al. 2012)

Redox System
CH4

H2

CO

C

O2

CaSO4/CaS
Co3O4/Co
Co3O4/CoO
CoO/Co
CuO/Cu
CuO/Cu2O
Cu2O/Cu
CuAl2O4/Cu.Al2O3
CuAlO2/Cu.Al2O3
CuAl2O4/CuAlO2
Fe2O3/Fe3O4
Fe2O3/FeO
Fe2O3.Al2O3/FeAl2O4
Fe2TiO5/FeTiO3
Mn2O3/MnO
Mn2O3/Mn3O4
Mn3O4/MnO
NiO/Ni
NiAl2O4/Ni.Al2O3

The heat balance for the combustion and reduction reactions is also found dependent on
the specific type of oxygen carrier used. Combustion in the AR (oxidation) is always
exothermic, while reaction in the FR (reduction) can be either exothermic or endothermic
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depending on the materials and fuel gas used in CLC. The total or combined heat balance
however, is always equivalent to heat of combustion of the fuel.
Table 3 reports the oxidation and reduction enthalpies for the different redox systems.
One interesting observation is that in the case of endothermic reduction, the oxidation
reaction has a higher heat of reaction than conventional combustion of the fuel gas with
air.
Thus, Table 3 suggests that depending on the oxygen-carrier and operating conditions, it
can be necessary to remove heat from the FR to avoid an excess of temperature in this
reactor (Adanez et al. 2012). In these cases, like for Cu-based oxygen carriers, the solid
circulation rate is not limited by the heat balance. However, the increase of temperature
in the FR could cause the melting of metallic Cu. Therefore, the removal of heat from the
reduction reactor is necessary.
On the other hand, the endothermic reduction process is accompanied by a temperature
drop in the FR. This necessitates a high solid circulation rate coming from the AR at a
higher temperature in order to maximize the reaction rates, which are favorable at high
temperatures and the high energetic efficiency of the CLC process. Nevertheless, very
high temperatures in the AR should be avoided in order to prevent the appearance of
operational problems.
2.3.1.3

Attrition

Typically the measurement of crushing strength is regarded as the primary indicator of
attrition rates of solids. However, the solid oxygen carrier in CLC endures cyclic
oxidation and reduction steps at a very high temperature. This causes chemical stresses
leading to particle attrition. Therefore, the attrition behavior observed during multi-cycle
redox reactions in a batch fluidized bed or in a continuously operated CLC unit is a good
indicator of the expected behavior of oxygen carriers and their supports in a CLC system
(Adanez et al. 2012). Attrition rate is also related to the lifetime of the oxygen carrier. It
can be defined as the mean time that a particle must be under reaction (reduction or
oxidation) in the system without any noticeable reactivity loss or without suffering
attrition/fragmentation processes that lead to particle elutriation out of the system. Both
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these parameters are regarded as important oxygen carrier characteristics relevant for the
potential use in fluidized bed reactors and summarized in Table 4. Results reported in this
table are based on the literature data available, which evaluates long time operation with
continuous units.
High lifetime values were obtained for NiO/Al2O3 oxygen carriers. NiO/NiAl2O4 particles
prepared by spin flash and impregnated Cu-based materials showed lower lifetime values.
Investigations to obtain highly resistant copper particles to operate at high temperatures
gave lifetime values up to 2700 h (Gayán et al. 2011) for impregnated particles with 13
wt% CuO and 3 wt% NiO.
2.3.1.4

Agglomeration

Defluidization caused by agglomeration of solid particles restricts the oxygen carrier
circulation and results in the channeling of the gas stream through the bed. This is the
most undesirable phenomena in CLC. As a consequence, a number of studies have
investigated the agglomeration behavior for Ni-, Fe-, Mn- and Cu-based oxygen carriers.
Combinations of metal content, type of support and calcination conditions have been
found to prevent agglomeration in these oxygen-carriers.
Agglomeration tendency is normally absent in the case of Ni-based oxygen carriers.
Several bench-scale and continuous operations (Ad nez et al. 2005; Cho et al. 2006;
Gayán et al. 2008; Mattisson et al. 2006a) at typical CLC temperatures (950 °C) with
NiO over various supports, such as Al2O3, NiAl2O4, TiO2, ZrO2, concluded that sintering
was not observed except for the pair of NiO/TiO2 (Mattisson et al. 2006a). Long term
continuous operation at 10-120 kW CLC unit with Ni supported on NiAl2O4 and
MgAl2O4 also reported the absence of agglomerations (Kolbitsch et al. 2009; Lyngfelt et
al. 2005; Shulman et al. 2009). This observation was reported to be a consistent event
with NiO supported on MgAl2O4 particles with a temperature of up to 1190 °C (Kuusik et
al. 2009).
The agglomeration effect was observed and mostly reported with Mn-, Fe- and Cu-based
oxygen carrier. Mn supported over ZrO2 showed good reactivity but was found prone to
agglomeration. This pair was doped with Ca, Mg and Ce for stabilization (Johansson et
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al. 2006) and Mn over MgO-ZrO2 demonstrated significant resistance to agglomeration in
a CLC unit, during 70 h of continuous operation (Abad et al. 2006). The formation of
hard agglomerates of FeO (Wusite) during the reduction of Fe3O4 (Magnetite) was
identified as the main contributor for the defluidization during oxidation cycles (Cho et
al. 2006; Mattisson et al. 2004). This author also reported that the extent of
agglomeration increased with a high conversion of the particles in the FR. However, in a
continuous CLC processes, defluidization is not expected, enabling high carrier
conversion. Based on this, agglomeration was not detected in CLC run with Fe-based
oxygen carriers in a 300 W unit (Abad et al. 2007). Natural mineral Ilmenite (FeTiO3)
confirmed the same results for CLC applications (Leion et al. 2008).

NiO/Al2O3

CLC 10

FR

CLC 10

NiO/α-Al2O3

CLC 0.5

CuO/γ-Al2O3

CLC 10

CuO/γ-Al2O3

CLC 0.5

CuO/NiO-Al2O3

CLC 0.5

Iron ore

CLC 1.0

References

(Lyngfelt et al.
2005)
(Shulman et al.

NiO/NiAl2O4+MgAl2O4 CLC 10
NiO/NiAl2O4

AR

Lifetime

Facility
(kW)

Attrition
Rate

Carrier

Operation
time

Table 4: Lifetime of oxygen carrier based on attrition data (Adanez et al. 2012)

2009)
(Linderholm et al.
2008)
(Adanez et al.
2009)
(Adanez et al.
2012)
(Forero et al.
2011)
(Gayán et al.
2011)
(Wu et al. 2010)
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The low melting point for Cu-based oxygen carriers has already limited its applicability
in CLC for temperatures above 900 °C (Section 2.3.1.2). This low melting point also
magnifies the agglomeration tendency and has eliminated CuO from consideration as a
suitable oxygen carrier by several researchers (Cho et al. 2004b; Chuang et al. 2008b;
Copeland et al. 2002; Mattisson et al. 2003). The conclusion was based on studies over
various wt% of Cu (60-85%) on Al2O3 support prepared by mechanical mixing, wet
impregnation, co-precipitation and freeze granulation techniques. The rationale provided
was the low dispersion of Cu as the major source of enhanced agglomeration.
Nonetheless, favorable thermodynamics and ability of CuO to release gas phase oxygen
in CLC operating conditions keeps it as potential oxygen carrier of interest. To address
these issues, work was carried out to avoid agglomeration problems by the research group
at ICB-CSIC. de Diego (de Diego et al. 2005), reported that the CuO fractions lower than
20 wt % were necessary to avoid bed agglomeration irrespective of preparation
techniques used. This was found to be evident with 14 wt% CuO over an γ-Al2O3 support
during 100 hrs of continuous operation in a 10 kW CLC prototype using methane as fuel
(Adánez et al. 2006; de Diego et al. 2007). Further studies in a 500W CLC unit showed
no agglomeration of several Cu-based oxygen carriers using different supports (α-Al2O3,
γ-Al2O3, MgAl2O4 and NiAl2O4) prepared by impregnation at temperatures of 900 °C in
the fuel-reactor and 950 °C in the air-reactor (Gayán et al. 2011).
2.3.1.5

Carbon deposition

The carbon formation on oxygen carrier particles reduces the CO2 capture efficiency.
Deposited carbon enhances the possibility of CO2 emission from the AR during the
oxidation cycle. In addition, this leads to a deactivated carrier, which is extensively
reported in the literature and industrial practice. Decomposition of the hydrocarbon or
gaseous fuel at the CLC operating condition is regarded as the main source of carbon
deposition. This has been systematically analyzed in CLC with several batch reactors like
TGA, fixed bed and fluidized bed reactors and summarized by Adanez (Adanez et al.
2012).
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It was reported by several authors that the carbon formation with Ni-based oxygen
carriers is prominent in case of oxygen deficient CLC conditions and thus is observed
mostly at the end of reduction reactions where more than 80% of the oxygen is consumed
(Cho et al. 2005). Similar results were obtained for Cu-based carriers at metal oxide
conversions higher than 75 % (de Diego et al. 2005). However, this was found negligible
for iron particles, even when the fuel conversion was very low (Cho et al. 2005).
However, in CLC, the carbon formation was not observed even when the oxygen carrier
was close to the stoichiometric concentrations for conversion of CH4 to CO2 and H2O
(Ad nez et al. 2

6 Ad nez et al. 2009a; de Diego et al. 2007; Dueso et al. 2009;

Kolbitsch et al. 2009; Linderholm et al. 2009; Lyngfelt et al. 2005). This is because the
deposited carbon can be essentially eliminated by gasification with H2O and CO2
(Adanez et al. 2012) or by the solid-solid reaction between carbon and the lattice oxygen
from the particles (Mattisson et al. 2006a). These reactions are faster than carbon
deposition when the temperature is high enough to be similar to conditions of a CLC unit
(Iliuta et al. 2010; Ryu et al. 2003b). A thermodynamic calculation also identified no
carbon formation if more than one-fourth of the required oxygen for complete
combustion of CH4 was supplied via oxygen carrier (Jerndal et al. 2006; Mattisson et al.
2006b). In CLC systems, where full conversion to CO2 and H2O is desirable, an excess of
oxygen more than the stoichiometric amount is provided (Adanez et al. 2012). Therefore,
the problems with carbon formation are never encountered in a CLC using a well-mixed
fluidized bed reactor.
2.3.1.6

Effects of sulfur species in gaseous fuel

Natural gas, syngas and refinery gases are the potential gaseous fuel for CLC and they
may contain sulfur compounds, mainly H2S, in variable amounts ranging from 20 -8000
vppm (volumetric parts per million) (Adanez et al. 2012). Therefore, the performance of
CLC may be affected given that: (a) the release of SO2 to the atmosphere from the AR
may infringe the environmental regulations and (b) the emissions in the FR may affect
the quality of CO2 with important consequences for its compression, transportation and
storage. Sulfur species (e.g. H2S) may also react with the active metal oxides and form
several metal sulphides. This may result in decreased reactivity of the oxygen carrier and
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enhanced agglomeration because of the low meting points of metal sulphides. Eventually,
defluidization may cease the operation of an interconnected CLC unit (Mattisson et al.
2006a).
The most detrimental effect of sulfur containing species was observed on the reactivity of
Ni-based oxygen carriers. Several literatures using thermodynamic calculations have
reported the effect of H2S on the performance of a selected metal oxide, and how the
operating conditions and the fuel gas (CH4, CO or H2) influenced the end products in a
CLC process (Jerndal et al. 2006; Mattisson et al. 2006a; Wang et al. 2008). It was found
that the conversion of H2S to SO2 is enhanced at high temperatures and low pressures of
the FR. The formation of SO2 resulted from the oxidation of H2S with H2O, CO2 and
even with NiO. Both SO2 and H2S could react with the active metal (NiO or Ni) to form
sulphides or sulphates (NiS, NiS2, Ni3S2 or NiSO4). Ni3S2 was found to be the most
thermodynamically stable sulphide. The experimental investigation with Ni/α-Al2O3
found a Ni3S2 rich component in the FR while NiSO4 was a prevalent species for the
oxygen carrier present in the AR (Dueso et al. 2012; García-Labiano et al. 2009). These
authors also recommended fuels with sulfur contents below 100 vppm H2S are tolerable
in an industrial CLC plant for Ni-based oxygen-carrier. A desulfurization step previous to
fuel combustion for fuels with higher sulfur content is recommended. Despite the high
sulphides formation in some extreme cases, agglomeration problems were never observed
in these experimental investigations.
In case of CuO, Cu2S was identified as the most thermodynamically favorable species
under an oxygen deficient condition (Jerndal et al. 2006; Wang et al., 2008). Forero
(Forero et al. 2010) reported that 95% of the sulfur in the FR was released as SO2 under
normal operating conditions and that Cu2S was observed only during operation at low
values of the oxygen to fuel ratio. No agglomeration was detected during the operation.
Gu (Gu et al. 2013) recently published the effect of H2S on iron-ore based oxygen
carriers and observed the presence of COS, CS2 and SO2 at the exit of the FR. The
sulfidation rate was found to be enhanced with increasing pressure and presence of FeS
was detected. Thermodynamic studies also reported Fe0.84S as the most present solid
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sulfur compound (Jerndal et al. 2006; B. Wang et al., 2008). These studies also identified
CoS0.89 and MnSO4 as the favorable states of sulfur compounds in case of Co- and Mnbased oxygen carriers. Based on thermo-gravimetric analysis of several bentonitesupported metal oxides Tian (Tian et al. 2009) reported that the redox rates decreased in
the presence of H2S. The highest decrease was observed for NiO, while the lowest was
for Mn2O3.
2.3.1.7

Environmental Aspects and Economical Considerations

Very few works have been reported in the literature pertaining to environmental and
health problems that could arise from the emission of oxygen carrier particles to the
atmosphere. Thus, more studies need to be conducted ensuring that the CLC processes
and the oxygen carriers meet the future high standards of environmental performance and
workplace safety. Nonetheless, special precautionary measures are required to control the
emission of Ni and Co particles from the AR due to their toxicity. Ni derived compounds
are carcinogenic and Co emissions also involve significant health and safety concerns. In
this regard Fe- and Mn- based oxygen carrier are considered as non-toxic materials for
CLC applications. Based on the studies about the solid waste management of CLC plants,
García-Labiano et al. (García-Labiano et al. 2007) indicated Cu-based oxygen carrier as a
stable non-reactive waste, which is acceptable at nonhazardous landfills.
Figure 4(b) shows the last reported evaluation on the price of metals necessary to produce
the oxygen carriers. Cobalt and nickel are the more expensive metals, followed by
copper. Manganese and iron exhibit the lowest prices.
2.3.2

Mixed-Metallic Oxygen Carriers and Perovskites

Bi-metallic, mixed metallic or their complexes sometimes were shown to improve
performance in CLC processes compared to their monometallic counterparts. Therefore,
several investigations were concentrated on the preparation, characterization and
evaluation of oxygen carriers with mixed oxides in order to:


Increase the reactivity and stability,



Improve fuel gas conversion,



Improve mechanical strength and reduce attrition rate,
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Minimize the carbon deposition,



Reduce the cost and minimize the use of toxic metals.

Table 5 lists the studies reported on mixed metallic oxygen carriers up until today. Spinel
structures composed of mainly Cu, Ni, Co, Mn and Fe was found to have been vigorously
tested in several batch fluidized bed reactors. Rifflart (Rifflart et al. 2010) reported
Cu0.95Fe1.05AlO4 as the best working spinel formulation with high oxygen transfer
capacity and high oxidation rate. However, the reduction rate was observed to be
relatively low. Impregnating NiO on this spinel material increased both the oxygen
carrying capacity and reactivity. The addition of CuO on the spinel enhanced the
agglomeration rate and eventually defluidization was observed during the redox cycles.
Jin (Jin et al. 1998, 2002, 2004) prepared a CoO-NiO supported on a YSZ oxygen-carrier.
They observed slightly reduced reactivity than those of the individual metal oxides
because a solid solution (NiCoO2) between NiO and CoO. However, this combination
provided excellent performance in terms of complete avoidance of carbon

deposition

and regenerability for repeated cycles of reduction and oxidation. Hossain (Hossain et al.
2007, 2009) also prepared a bimetallic Co-NiO/α-Al2O3 oxygen-carrier which was tested
at temperatures up to 750 °C. The oxygen carrier displayed excellent reactivity and
stability. The authors also observed superior activity in the case of NiO over La modified
γ-Al2O3 support under the same operating temperature. The addition of a second metal
inhibits the formation of NiAl2O4 responsible for reduced reactivity. A stable CuO phase
was found in case of bimetallic Cu-Ni/α-Al2O3 (Adánez et al. 2006). Improved reactivity,
complete conversion of methane and absence of agglomeration in case of CuO were
reported at temperature as high as 95 °C for 13 wt% CuO over γ-Al2O3 when modified
with 3 wt% NiO (Gayán et al. 2011). Increased reactivity was reported for bimetallic FeNi oxygen-carriers by different researchers (Lagerbom et al. 2010; Son et al. 2006).
However, these materials were found to have low mechanical strength. Ksepko (Ksepko
et al. 2010) also prepared high performance (upto 800 °C) bimetallic Fe2O3-MnO2
oxygen-carriers supported on ZrO2 and sepiolite. The sepiolite appeared to be a better
support than ZrO2.
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Table 5: Summary of mixed metallic oxygen carriers used for CLC (Adanez et al. 2012)
Metal oxide 1
(%)

Metal oxide 2
(%)

Support
material

CuO

NiO

γ-Al2O3

CuO
CuO
CuO
NiO
NiO (15)

α-Al2O3
α-Al2O3-K
α-Al2O3-La

CoO
CoO
Fe2O3
Fe2O3
Fe2O3
Fe2O3

NiO
NiO
NiO
Cu0.95Fe1.05AlO4
Ce0.5Zr0.5O2 (85)
Ce0.25Zr0.75O2
(85-60)
Ce0.75Zr0.25O2
(73-60)
NiO
NiO
MnO2
MnO2
NiO
NiO

Fe2O3

CuO

MgAl2O4

NiO (15-40)
NiO (27-40)

α-Al2O3
YSZ
Sepiolite
ZrO2
Al2O3
Bentonite

Facility a
TGA, bFB, FxB,
CLC 500 W
TGA, bFB, FxB
TGA, bFB, FxB
TGA, bFB, FxB
TGA
TGA

Reacting agent

Application

Reference

CH4, CO, H2, O2

CLC

(Adánez et al. 2006; Gayán et al. 2011)

CH4, CO, H2, O2
CH4, CO, H2, O2
CH4, CO, H2, O2
CH4, O2
CH4, O2

CLC
CLC
CLC
CLC
CLC

(Adánez et al. 2006)
(Adánez et al. 2006)
(Adánez et al. 2006)
[(Lambert et al. 2010a, 2011)
(Lambert et al. 2010a)

TGA

CH4, O2

CLC

(Lambert et al. 2010a)

TGA

CH4, O2

CLC

(Lambert et al. 2010a)

CREC simulator
TGA, pFxB
TGA
TGA, FxB
TGA
TGA, CLC 1 kW
TGA, CLCp 10
kW

CH4, O2
CH4, H2, SG, O2
SG+H2S, O2
SG+H2S, O2
CH4, O2
CH4, O2

CLC
CLC
CLC
CLC
CLC
CLC

(Hossain et al. 2007; Hossain et al. 2010)
(H. Jin et al. 1998, 2002, 2004)
(Ksepko et al. 2010)
(Ksepko et al. 2010)
(Lagerbom et al. 2010)
(Son et al. 2006)

coke oven gas

CLC

(S. Wang et al. 2010)

(Chandel et al. 2009; Lambert et al. 2010b;
Rifflart et al. 2011)
(Chandel et al. 2009; Hoteit et al. 2009a;
TGA, bFB
CH4, biogas, O2
CLC
Cu0.95Fe1.05AlO4
Hoteit et al. 2009b; Lambert et al. 2010b)
TGA
CH4, O2
CLC
(Lambert et al. 2010a; b)
Cu0.5Ni0.5FeAlO4
TGA
CH4, O2
CLC
(Lambert et al. 2010b)
Co0.5Ni0.5FeAlO4
TGA
CH4, O2
CLC
(Lambert et al. 2010b)
CoFeAlO4
TGA
CH4, O2
CLC
(Lambert et al. 2010b)
CoFeGaO4
TGA
CH4, O2
CLC
(Lambert et al. 2010b)
NiFeAlO4
Al2O3
TGA
CH4, O2
CLC
(Rifflart et al. 2010)
CoFe2O4
YSZ
TGA, bFB
CH4, O2
CLC
(Rifflart et al. 2010)
CuFe2O4
TGA, bFB
CH4, O2
CLC
(Rifflart et al. 2010)
Mn1.415Fe0.585O3
Mn oxide
TGA
CH4, O2
CLC
(Lambert et al. 2009)
Fe oxide
Fe2O3 (47.5)
Al2O3 (30)
TGA
CH4, CO
CLC
(S. Yang et al. 2012)
NiO (22.5)
Fe2O3
SiO2
TGA
CO, O2
CLC
(Hui Song et al. 2012)
NiO
a
bFB: Batch Fluidized Bed, CLC: CLC system with gaseous fuel, CLCp: Pressurized CLC system, CREC: Chemical Reaction Engineering Center, FxB: Fixed Bed, pFxB:
Pressurized Fixed Bed, TGA: Thermo-Gravimetric Analyzer
CuO

Cu0.95Fe1.05AlO4

bFB

CH4, O2
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CLC

Other than mixed oxides with the spinel structures and bimetallic oxygen-carriers, more
complex metal oxides with perovskite structure have been investigated to be used as
oxygen-carriers for the CLC process (Ksepko et al. 2008; Mihai et al. 2011, 2012;
Readman et al. 2005; Ryden et al. 2008; Sarshar et al. 2011, 2012). Several materials
including mixtures of several metals oxides (La, Ce, Sr, Co, Fe, Cu, Cr, Mn or Ni) have
been tested. LaxSr1-xFeyCo1-yO3-δ (Readman et al. 2005) was found to be feasible for
CLC, whereas LaxSr1-xFeO3-δ (Ryden et al. 2008) perovskite was found to be well suited
for CLR. Recently, La1-xCexMnO3 prepared by reactive grinding and nanocasting was
also reported to have good reactivity with CH4 (conversion is close to 90%) with
negligible carbon formation (Sarshar et al. 2011). However, agglomeration was reported
to be a concern for the applicability of these materials in CLC operating condition. In this
regard, Sarshar (Sarshar et al. 2012) reported sinter-resistant core–shell LaMnxFe1– xO3
@mSiO2 oxygen carriers and demonstrated stable material integrity up to 700 °C.
Nonetheless, long-term chemical and mechanical properties of perovskite particles are
largely unknown and further investigation with these new materials is needed to know
their behavior in continuous fluidized-bed reactors (Adanez et al. 2012).
2.3.3

Natural and Low Cost Materials as Oxygen Carriers

There is an increasing interest in naturally occurring minerals and industrial waste
materials as oxygen carrier particles due to their low cost. These materials are shown to
be a promising option in processing solid fuel in the CLC system. As these materials have
good reactivity with gasification products such as H2 or CO, low cost materials are also
being considered for their use with gaseous fuels.
Ilmenite is the most extensively analyzed natural carrier described in the literature and is
mainly composed of FeTiO3 (FeO∙TiO2), where iron oxide is the active phase that
behaves as oxygen-carrier. Comparing the performance of several natural iron ores and
industrial products, Norwegian ilmenite showed higher reactivity for both gaseous and
solid fuels (Leion et al. 2009a; 2009b). High conversion was found for syngas
applications, but moderate conversion was observed for the use of natural gas as fuel
(Adanez et al. 2010; Leion et al. 2008). Additionally, ilmenite showed good mechanical
stability and fluidizing properties.
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The use of different ores, whose main component is hematite (Fe2O3), also has been
evaluated to be used as oxygen-carrier after pretreatment steps of crushing, sieving and
calcination only. Sufficient reaction rates for reduction and oxidation was found for these
particles to be considered for CLC application (Mattisson et al. 2001). Among the
industrial by-products tested for CLC application, remarkable results were obtained with
materials based on iron oxide, e.g. oxide scales from rolling of steel sheets (Leion et al.
2009a; 2009b) or red mud, a waste product of the alumina production (Ortiz et al. 2011).
Oxide scales had higher reaction rates compared to iron ore or ilmenite and showed a
small increase in reactivity for every cycle in a batch fluidized bed when syngas or
methane was used as fuel (Leion et al. 2009b). The coarse fraction of the red mudparticles of 15 µm called “sand process”- has been used in a 500 W CLC unit to burn
syngas, CH4 or PSA tail gas (Ortiz et al. 2011). Particles maintained their properties
(reactivity, no agglomeration, high durability, etc.) after more than 110 h of continuous
operation. Particles showed sufficient reactivity to fully convert syngas to CO2 and H2O
at 880 °C with 400 kg/MW. The combustion efficiency ranged from 75% to 80% with
methane containing fuels because of the lower reactivity of this gas compared to CO and
H2.
Recently, interest with the use of CaSO4 as an oxygen-carrier has been shown by several
researchers due to the low cost of this natural anhydrite with much higher oxygen
transport capacity than other proposed materials (Song et al. 2009; Tian et al. 2009).
However, the formation of CaO by side reactions yielding SO2 is regarded as the main
drawback for the use of CaSO4 (Song et al. 2009). This undesired decomposition resulted
in reduced oxygen transport capacity and thus, the addition of fresh particles to the CLC
system is required to replace the spent materials (Song et al. 2008). The optimum
temperature was determined to be 1050-1150 °C in the AR and 900-950 °C in the FR
(Shen et al. 2008) to minimize the decomposition process and release of SO2.

2.4 Reaction Scheme
The reaction mechanism and determination of its kinetic parameters are crucial to
develop a mathematical model suitable for the design, simulation and optimization of a
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CLC system. In general, the oxidation reaction rates are high and do not depend on the
gas used for the reduction (García-Labiano et al. 2004, 2006). In most of the cases, the
oxidation rates can be described by the following reaction.
(3)

The overall reactions of an oxygen-carrier with the gaseous fuel (CH4, CO and H2) in the
FR are expressed generally by reactions (4) to (7). Although the mechanistic steps can
involve intermediate products, e.g. radical species, these overall reactions are often used
for modeling purposes.

(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)

Several other gas phase or gas-solid catalytic reactions are found to be relevant in the FR.
Reforming reactions (Eq. (8) and (9)) are very pertinent if Ni-based oxygen carriers are
used. Dry reforming of methane with CO2 (Eq. (10)) is however usually slower and
sometime is ignored in reactor modeling. Reactions (11) and (12) are to account for the
possibility of carbon formation, which could be promoted in case of Ni-based oxygen
carriers. However, this carbon formation is not observed in most of the CLC processes
26

and regarded as an intermediary during the conversion of methane or CO. This has
already been discussed in details in Section 2.3.1.5. According to this section, Eq. (13)
represents gasification by steam and Eq. (14) is for the oxidation of the carbon by lattice
oxygen, given that CO and H2 are gaseous products. In case, H2 and CO are present in
addition to the CO2 and H2O at the exit gas of a FR, the water-gas shift (WGS)
equilibrium (Eq. (15)) is generally considered.

2.5 Kinetics of Reduction and Oxidation
Kinetic studies are considered as a pre-requisite for phenomenological based reactor
designs. In CLC, both the fuel and air reactors involve gas solid reactions. A particle
reaction model is able to provide valuable information about the mass and heat transport
processes inside the carrier particles during both reduction and oxidation cycles.
However, careful considerations are needed to include oxidation and reduction kinetics.
Kinetics is also significantly influenced by oxygen transport capacity and oxygen
carrier’s physical and chemical properties. Moreover, all the reactions involved in the
reaction scheme must be included. Furthermore, related kinetic parameters need to be
determined.

Table 6: Reported kinetic parameter for reduction and oxidation with Ni-based oxygen
carrier and gaseous fuel
Oxygen Carrier
(wt%)/Support
NiO (60)/YSZ
NiO(58)/Bentonite
NiO(78)/Bentonite
NiO(60)/Bentonite
NiO(60)/NiAl2O4
NiO (60)/Al2O3

Experimental
Conditions
TGA
TGA
TGA
TGA
TGA
TGA

Kinetic
Model*

Activation
Energy

References

SCM

(Ishida, H. Jin, et al.
1996)

SCM

(H.-J. Ryu et al. 2001)

SCM

(H.-J. Ryu et al. 2001)

SCM,
MVM
SCM
SCM
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(Son et al. 2006)
N/A

(Readman et al. 2006)
(Abad et al. 2007a;
Abad et al. 2007b)

Oxygen Carrier
(wt%)/Support

NiO (60)/Mg
NiO(20)/Al2O3

Experimental
Conditions

TGA
TPR-TPO

Kinetic
Model*

Activation
Energy

References

SCM

(Zafar et al. 2007)

NNGM

(Hossain et al. 2007)

NNGM

(Hossain et al. 2010)

SCM,
NNGM,
PLM

(Sedor et al. 2008)

NNGM

(Hossain et al. 2010a)

SCM

(Erri et al. 2009)

SCM

(Moghtaderi et al.
2010)

MVM

(Iliuta et al. 2010)

SCM

(Alberto Abad, Juan
Adanez, et al. 2010)

SCM

(Dueso 2011)

TPR-TPO
NiO(20)-Co/Al2O3

NiO(20)/Al2O3

CREC Riser
CREC Riser
TPR-TPO

NiO(20)/La-Al2O3

NiO(40)/NiAl2O4
NiO(65)/Al2O3

NiO(15)/Al2O3

NiO(40)/NiAl2O4

NiO(18)/Al2O3

CREC Riser
TPR
TGA

Fixed Bed

TGA

TGA

* MVM: Modified Volumetric Model, NNGM: Nucleation and Nuclei Growth Model, PLM: Power Law
Model, SCM: Shrinking Core Model,

The most frequently used models are the Shrinking Core Model (SCM) and Nucleation
and Nuclei Growth Model (NNGM). The details of these two models are presented in
Chapter 7. Several kinetics studies for the reduction of Ni-, Cu- Fe- and Mn- based
oxygen carriers with CLC reducing gases like CH4, CO and H2 can be found in the
literature. Table 6 lists the kinetics data reported mainly with Ni-based oxygen carrier.
The kinetics parameters with other oxygen carriers are summarized by Adanez (Adanez
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et al. 2012). However, only a limited number of studies were found regarding the reaction
kinetics of natural minerals, such as ilmenite (FeTiO3) or anhydrite (CaSO4).
Most of the experimental studies have been done in a Thermo-Gravimetric Analyzer
(TGA). In these experiments, the absence of external mass transfer control was checked.
The temperature programmed reduction or oxidation (TPR, TPO) technique also has been
used for kinetic determination. Others facilities, such as fluidized-bed or fixed-bed
reactors has been also used, but taking measures to reduce mass transfer limitations
(Chuang et al. 2010) or by using a reactor model accounting for the mass transfer
processes (Iliuta et al. 2010). To consider kinetic determination useful for modeling
purposes, both the activation energy and the reaction order must be determined for every
reaction involved in the reaction scheme. In general, the reaction order was found to be in
the range 0.8-1.0. The activation energy seems to follow the tendency CH4 > H2 >
CO>O2 (García-Labiano et al. 2004). Nevertheless, an important dispersion in the values
for each kind of metal-based oxygen-carriers was observed. The interaction between the
metal oxide and the support affects the activation energy. Reducing the affinity of the
metal oxide with the support reduces the activation energy, reflecting the increased ease
of metal oxide reduction (Hossain et al. 2010; Hossain et al. 2010a; Zafar et al. 2007).
Thus, it can be concluded that the determination of kinetic parameters for every specific
oxygen carrier is required. Extrapolation of kinetic models to various oxygen carriers is
not yet viable.

2.6 Conclusions
This chapter reports the CLC process and the promising progress that has occurred in the
last decade. CLC is engineered to replace conventional CO2 capture systems in heaters
and boilers and is specially recommended for power plants and industrial applications.
The inherent CO2 capture without the energetic penalty related to downstream processing
makes CLC a suitable alternative to other competing technologies.

29

The oxygen carrier is still regarded as the cornerstone for the successful development of
all CLC technologies. The cost of the oxygen-carrier is the main addition of this
technology. This is mainly driven by the cost of the raw materials, the cost of particle
preparation, the oxygen-carrier lifetime, disposal and environmental costs. Therefore, it is
important to have a portfolio of oxygen-carriers, both synthetic and low cost materials,
with specific characteristics adequate for different fuels (natural gas, refinery gas and
syngas).
Regarding CLC, an important milestone has already been reached with the development
and testing of more than 700 different oxygen carriers. These oxygen carriers are
predominantly based on nickel, copper and iron. In spite of this progress, there is still a
need of research towards the engineering of oxygen carriers for large scale units. It is
most desirable that these oxygen carriers will provide large oxygen carrying capacity and
high performance stability, being economically affordable.
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CHAPTER 3

SCOPE OF RESEARCH
The physicochemical characteristics of various mono- and mixed-metallic oxygen
carriers as presented in Chapter 2 confirm that Ni- and Cu-based carrier particles are the
most suitable ones for CLC application with gaseous fuel.
This PhD dissertation is aimed at the development of Ni-based oxygen carrier due to its
high stability, longer life time and low agglomeration tendency compared to Cu.
However, issues with this material have mainly being centered on health and safety
concerns. In this regard, it is worthwhile mentioning that reported attrition and elutriation
tests were performed with very high content of Ni (40-80 wt%). It is our view that the
health and safety concerns can be significantly reduced using low content Ni-based
carrier particles such as the one proposed in this study. In agreement with this, Gayán
(Gayán et al. 2013) recently reported excellent reactivity and remarkably reduced health
and safety concerns with 11 wt% Ni over CaO modified Al2O3 support.
On the other hand, Ni also has a tendency to react with the support under CLC operating
conditions, through the formation of irreducible solid solutions. These undesired spinels
significantly reduce the oxygen transport capacity and enhance the solid circulation rates.
The use of more than one metallic species can minimize this metal support interaction as
discussed in Chapter 2. Moreover, Hossain (Hossain et al. 2007, 2009) demonstrated that
the use of Co on α-Al2O3 and La on γ-Al2O3 in case of Ni-based oxygen carrier reduced
this spinel formation significantly and produced an oxygen carrier with excellent
reactivity and stability.
Therefore, this study considers a new fluidizable alumina supported nickel based oxygen
carrier for CLC with major contributions being the followings:
1. Development of a highly active 5% La stabilized and 1% Co promoted Ni-based
oxygen carrier over a γ-Al2O3 support using the incipient wetness technique
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2. Investigation of the important physicochemical properties using various
characterization techniques in terms of:
a. Surface and the morphological properties
b. Reducibility and oxygen carrying capacity
c. Promotional effects
d. Metal-support interaction
3. Analysis of the reactivity and stability of the prepared oxygen carriers in a fixed
bed and a fluidized bed under the conditions of an industrial scale fluidized bed
CLC unit,
4. Analysis of the structural integrity of the oxygen carriers following multiple
reduction and oxidation cycles.
5. Investigation of the reaction mechanism with a gaseous CLC fuel such as methane
6. Development of phenomenological based solid-state reaction kinetics
7. Estimation of kinetic parameters and validation of the proposed kinetic models.
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CHAPTER 4

EXPERIMENTAL METHODS
4.1 Introduction
This chapter describes the various experimental activities developed in the present PhD
dissertation. Section 4.2 addresses the preparation of the oxygen carrier. Following this,
Section 4.3 summarizes the steps of the various characterization techniques used to
evaluate the performance of the prepared oxygen carriers. This section also includes the
mathematics involved in quantifying the experimental observations. The reactivity of the
prepared oxygen carriers under the fluidized bed operating conditions of CLC are
explored using the Chemical Reaction Engineering Center (CREC) Riser Simulator.
All the reduction experiments with fossil based fuels (in this study methane, (CH4)) and
kinetics study were performed in this mini-batch fluidized bed reactor. Thus, Section 4.4
includes the detail constructions of the CREC Riser Simulator and the operation
procedures of the reduction reactions. Apart from the procedural details in these three
main sections: (i) preparation, (ii) characterization and (iii) evaluation of oxygen
carrier(s) under fluidized bed reaction conditions, the necessity of these experiments from
the perspective of this investigation has also been explained.

4.2 Preparation of the Oxygen Carriers
There are several well-established catalyst preparation techniques described in the
literature (Bartholomew et al. 2006) such as impregnation, adsorption/ion exchange,
precipitation, sol-gel, spray drying and others. These techniques have their own
advantages and limitations. Some of these techniques are limited only to specific
applications of the prepared material.
Based on the available technical literature (El-Solh 2002; Hossain 2007), the
impregnation of the desired metal by incipient wetness condition was found to be the best
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for the present study. This is a simple and most frequently used procedure for dispersing
Ni metal over the desired support. Apart from its simplicity, this method allows rapid
deposition of high metal loadings. Furthermore, the impregnation steps are relatively easy
to control. Loading steps can significantly influence the reactivity and stability of the
prepared material. The added advantage with the incipient wetness method is that the
controlled loading steps developed in a lab scale are relatively easy to implement
commercially for manufacturing large amounts of carrier particles. The principal
disadvantage is the possibility of non-uniform deposition of the desired metal along the
pores of the support or through the pellets.
With this end, 1

μm of γ-Al2O3 (Sasol PURALOX/CATALOX SCCa Series: 98 wt%

Al2O3, 0.002 wt% Na2O, 0.01% Fe2O3, 0.015% TiO2, 0.015% SiO2 and LOI 2%)
particles with 193 m2/g specific surface area were used as the support.
In order to improve the thermal stability, the alumina support was modified with 5 wt%
La. The alumina support was later doped with 1 wt% Co to enhance the reducibility. On
completion of these steps, 20 wt% Ni was added on the modified alumina support. With
the aim of maximizing the oxygen carrying capacity, 20 wt% of Ni was selected as the
highest loading limit (Hossain 2007; Hossain et al. 2009). The Ni utilization is very poor
for incremental additions above 25 wt% due to metal sintering or agglomeration
(Bartholomew et al. 1976). One should also notice that the reduced nickel amount can
also minimize the health and safety concerns that are discussed in Section 2.3.1.7 in
relation to CLC applicability.
Four main steps were involved in the oxygen carrier preparation: a) support
impregnation, b) drying, c) metal precursor’s reduction and d) calcination. The
impregnation step was carried out in a quartz conical flask with a lateral outlet, which
was connected to a 250 mmHg vacuum system. In each batch, 20 g of γ-Al2O3 were
added into the conical flask and its inlet was sealed with a rubber septum to maintain
vacuum conditions throughout the impregnation process. The vacuum was applied to
remove the gases trapped inside the alumina support before impregnation.
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Figure 5: Mini fluidized bed reactor for oxygen carrier preparation; Top Part: Inconel
reactor wall with gas exit port (9.62 mm); Middle Part: Inconel porous gas distribution
grid plate and Bottom Part: Hydrogen/Helium gas inlet port (9.62 mm).
Meanwhile, 99.99% pure La(NO3)3.6H2O (CAS 10277-43-7), Co(NO3)2·6H2O (CAS
10026-22-9) and/or Ni(NO3)2·6H2O (CAS 13478-00-7) received from Sigma-Aldrich
were used as precursors for the desired metal loading. The solution was prepared by
dissolving a desired amount of the nitrate in distilled water. Based on the total pore
volume of γ-Al2O3 measured using N2 adsorption isotherm experiments, 0.5 mL of water
was used per gm of support. The prepared nitrate solution was introduced drop-by-drop,
contacting the support under vacuum and continuous mixing conditions. The resulting
paste was then dried slowly in a furnace with a temperature ramp of 0.5 °C/min
increasing from ambient to 140C. Before returning to the ambient condition, the sample
was kept at this temperature for an additional period of 4 hours. Once dried, the prepared
material was placed in the specially designed fluidized bed reactor made out of
INCONEL 600, a thermally stable alloy (Figure 5). A gas mixture of 10% hydrogen with
helium being the balance was flown through the particle bed in order to achieve
fluidization. The bed temperature was then raised from ambient to 750C over 4 hours
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and held constant at 750C for 8 additional hours in a Thermolyne 48000 Furnace. In
each cycle, 2.5 wt% Ni was added to the modified support. Thus, these three steps,
impregnation, drying and reduction, were repeated until the desired metal loading was
reached. On completion of the desired metal loading, the oxygen carrier was calcined
under an air flow at 750 °C with the same temperature ramp employed for the reduction.
Three oxygen carriers were prepared in this study by altering the flow rate of the
reducing gases only. At low space velocity (15 hr-1), the particles were in a fixed bed
state. As the velocity increased to 40 hr-1, the particles reached near minimum or
minimum fluidization condition. The last oxygen carrier was prepared at bubbling
fluidized bed conditions with very high space velocity close to 300 hr-1. Thus, based on
the particle bed condition, the oxygen carriers were designated HMF (half of gas flow
rate required for minimum fluidization), MF (gas flow rate for minimum fluidization) and
BF (gas flow rate for bubbling bed fluidization).

4.3 Characterization of the Oxygen Carriers
Characterization of the prepared metal oxide oxygen carrier is essential to understand its
operation and to compare its performance in a meaningful way among the samples.
Another major purpose of characterizing the supported-metal oxygen carrier is to
correlate the structural properties and various aspects of oxygen carrier performance.
Thus, several physical and chemical properties of the prepared oxygen carriers were
determined by characterization techniques described in the following sections.
4.3.1

Physical Properties

Surface area, pore size, pore volume, particle size, density and crushing strength are
namely the most fundamental important physical properties of an oxygen carrier. During
the metal (La and Co followed by Ni) loading steps (preparation step), the oxygen carrier
material goes through multiple cycles of impregnation, calcination and reduction process.
Each of these steps has an impact on the reactivity, structural stability and fluidizability
of the prepared oxygen carrier. To evaluate these effects, it is important to consider the

36

physical properties of the prepared materials before testing them under chemical-looping
combustion cycles.
In order to establish the physical properties the following characterization techniques
have been employed:
i.

For particle size distribution, laser scattering based particle size distribution
analyzer,

ii.
4.3.1.1

For specific surface area, BET and nitrogen adsorption apparatus
Particle Size Distribution

Fluidizability is an important characteristic that an oxygen carrier should have for its
application in CLC. Therefore, it is important to analyze the particle size and size
distribution of the prepared oxygen carrier to confirm its adequacy for fluidized bed
conditions. Beside the fluidization properties, the size of particles also plays a significant
role in gas-solid reactions involved in fuel and air reactors. For instance, large particles
limit the gas phase reactant access to the oxides inner layers of the oxygen carrier. As a
result, the diffusional resistance can be minimized and reduction/oxidation rates can be
maximized using smaller particles. On the other hand, excessively smaller particles can
cause fluidization problems, channeling and loss of fines.
Considering the importance of the above mentioned facts, the particle size of the prepared
oxygen carrier is determined by using a Malvern Mastersizer 2000 size analyzer at
CMLP Common Lab, UWO. During the measurement process, the suspended dry
particles were passed through a focused laser beam. The particles scatter light at an angle,
which is inversely proportional to their size. Software collects the data and plots in a
semi-logarithmic scale calculating the particle size distribution.
4.3.1.2

N2 Adsorption Isotherm

Surface area is another fundamental physical property of the supported active metals
involved in heterogeneous reactions. This is one of the important parameters that
determine the dispersion of the active sites present in the solid materials. N2 adsorption
isotherm is one of the most well-known techniques to obtain the surface area of catalyst
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particle. Apart from surface area measurement, this isotherm also provides important
structural properties of the material in terms of pore size distribution, pore geometry,
permeability, how different metal loading was affecting the surface geometry of the
support and possible position of the active metals
Thus, N2 adsorption isotherm measurements were carried out at 77K on an ASAP 2010
automatic adsorption analyzer equipped with the micropore options from Micromeritics.
Before the measurements, samples weighing from 0.1 to 0.2 g were placed in the degas
port of the adsorption apparatus and degassed at 200 °C until the pressure reached below
5 mm Hg. Adsorption isotherms were measured under the relative pressure (

) range,

based on the saturation vapor pressure, from ∼10−6 to 1.
4.3.2

Chemical Properties

Chemical properties of catalytic materials include composition, structure, morphology,
dispersion of metallic phases, acidity and reactivity. In CLC, these properties of the
supported metal oxide carrier material could be significantly altered with repeated
reduction/oxidation cycles. The reactivity, stability and even the fluidizability of the
oxygen carrier may change due to enhanced metal support interactions, preferred
orientation of the active component, accessibility hindrance of active species, and, crystal
size and shape modifications by agglomeration. Thus, the characterization of the
chemical properties of the supported oxygen carrier materials provides valuable insights
into the complexities and reaction mechanisms encountered in a CLC process.
In order to establish the chemical properties, the following characterization techniques
have been employed:
i.

For metal loading and metal distribution on the support, SEM-EDX analysis,

ii.

For active crystal phase, XRD analysis.

iii.

For metal/metal oxide phases, XPS analysis

iv.

For reactivity and metal crystal size, Temperature programmed studies (TPR,
TPO and H2 Pulse Chemisorption)
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4.3.2.1

SEM-EDX analysis

The amount of the bed material and the solid circulation rate between the fuel and air
reactors mainly rely on the oxygen carrying capacity of the looping material. An effective
and efficient oxygen carrier should have a high tendency to react with the gaseous
reactants (fuel and air) in order to accomplish the desired rate of fuel combustion with
minimum solid circulation.
Thus, the reactivity and oxygen transfer capacity of an oxygen carrier widely depends on
the metal/metal oxide, support material, particle size and operating conditions of the
processes. In general, the higher the metal content, the higher the oxygen content
transported by the oxygen carrier. However, excessive metal can cause destabilization of
the solid material by metal sintering, phase transformation and particle agglomeration
over the multiple reduction/oxidation cycles in CLC. The destabilization of the solid not
only drastically reduces the reactivity of the particles but also defluidizes the bed.
Therefore, a proper amount of metal loading is critical to achieve an active and stable
oxygen carrier. Based on the discussion, SEM-EDX is chosen to determine the exact
amount of metal loading in this work. Induced Coupled Plasma (ICP) technique can also
be used to quantify the concentrations of the different components; however it is not
utilized as earlier work (El-Solh 2002) at CREC lab demonstrated that the there was good
agreement between the observed and the targeted bulk metal loading using both
analytical methods.
EDX allows elemental composition microanalysis of the catalyst surface (about 10 ~µm
depth). Using this technique, an electron beam is focused onto the catalyst sample and the
interaction with the electrons of the surface atom produces a signal that is collected by a
series of detectors. These signals are analyzed and give the chemical composition of the
surface, thus providing an insight on the percent of nickel loading. Furthermore, SEM
provides an enhanced image of the surface of the particles in the micrometer range, and
allows evaluating the size, shape, and morphology of the particles. The SEM-EDX
analysis was conducted at The Department of Physics and Astronomy, UWO using
LEO/Zeiss 1540XB FIB/SEM. The ion beam was utilized for in-situ sectioning of
samples, which were imaged by SEM. The system was fitted with an Oxford Instruments
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X-ray system allowing for elemental mapping and analysis of the selected sample milled
section. In this way, samples can be monitored in real time at high resolution with an
electron column (selective etching can be achieved with sum-100 nm resolution).
4.3.2.2

XRD Analysis

XRD is one of the most widely used techniques for the identification of the crystalline
structure of the supported oxygen carrier materials. In the case of a nickel-based oxygen
carrier, NiO is the most desirable phase given its excellent reactivity. On the other hand,
nickel has a strong affinity to interact with the support alumina to form nickel aluminate
(NiAl2O4), which is very stable and difficult to reduce at lower reduction temperatures
. Consequently, the overall oxygen carrying capacity decreases with
increasing the nickel aluminate phase content. Therefore, determination of XRD spectra
of nickel-alumina based oxygen carrier is very important to observe the type of nickel
oxide phases present.
X-ray powder diffraction patterns were obtained on a Rigaku Miniflex Diffractometer
using Ni filtered Cu Kα (λ = 0.15406 nm) radiation. A tube voltage of 40 kV and a tube
current of 20 mA were used for each sample. The samples were scanned every 0.02°
from 10 to 90° with a scan time constant of 2°/min. Identification of the phase was made
with the help of the Joint Committee on Powder Diffraction Standards (JCPDS) files. The
crystallite sizes of NiO and Ni were calculated using Scherrer’s equation:

(16)

where,

is the volume average diameter of the crystallite

and

is the

full width at half maximum of the peak.
4.3.2.3

XPS Analysis

XPS analysis is one of the most frequently used techniques for information on the
elemental composition, oxidation state of the active species, interaction of a metal with
an oxide support, changes in oxidation state upon activation of the catalysts and the
nature of surface impurities such as chemisorbed poisons. The reactivity of the supported
Ni metal over γ-Al2O3 was significantly influenced by the interaction of Ni atoms with
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the different types Al+3 ions present in γ-Al2O3. This effect has been discussed in detail in
Chapter 5. Thus, apart from the elemental composition and oxidation state of Ni, XPS
analysis provides information related to the surface heterogeneity of Ni metals with Al+3
ions. This piece of information aids in explaining the reactivity differences of the oxygen
carriers prepared by different methods.
The XPS analyses were carried out with a Kratos Axis Ultra spectrometer using a
monochromatic Al Kα source

at Surface Science Western, UWO. The

instrument work function was calibrated to give an Au 4f7/2 metallic gold binding energy
of

. The spectrometer dispersion was adjusted to give a binding energy of
for metallic Cu 2p3/2. The Kratos charge neutralizer system was used for all

the analyses. Instrument base pressure of

was used. High-resolution

spectra were obtained using either a 10- or 20-eV pass energy, an analysis area of
,

step and 60-s sweep intervals. For Ni 2p binding energy

ranges and total number of sweep are

–

analysis time for one sample spot was

–

4.3.2.4

and

–

respectively. The average

.

Temperature Programmed Studies

Temperature programmed studies are very effective tools in two different ways: (i) to
investigate the changes of the surface and/or bulk reactivity of the samples as a result of
variation in composition, promotion, preparation method and preliminary pretreatment,
and (ii) to establish qualitative and quantitative analysis of the gas-solid interaction
kinetics.
Temperature programmed studies (TPR, TPO and H2 pulse chemisorption) were
performed using a Micromeritics AutoChem II 2920 Analyzer. An oxygen carrier sample
weighing 100–200 mg was placed in a U-shaped quartz reactor tube. This tube was then
attached to the sample analysis port of the instrument, which is located inside a heating
element. The specifics of the analyses for each of the temperature programmed studies
are described in the following subsections.
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4.3.2.4.1.

Temperature Programmed Reduction (TPR)

TPR test provides valuable information about the reduction characteristics of the oxygen
carrier in the studied temperature range. The identification of metal species present in the
oxygen carrier can be made by comparing its TPR thermogram with that of a reference
material obtained under the same experimental conditions. The TPR also allows
estimating the fraction of loaded metal available during the reduction cycle of the CLC
processes or, in other words, the calculation of the oxygen storage capacity of the carrier
material.
To perform the TPR test, a gas mixture containing 10% H2 with the balance being Ar was
circulated through a bed of the prepared oxygen carrier particles at a rate of 50 mL/min.
The temperature of the particle bed was raised from ambient to 950°C at a rate of 10
°C/min, holding the temperature at 950°C for an hour. The gas leaving the quartz reactor
was flowed through a cooling loop in order to remove the water (produced in the
reduction reaction) before it reached the thermal conductivity detector (TCD). The loop
was cooled using a mixture of liquid nitrogen and iso-propanol. Hydrogen reacted with
the oxide(s) while increasing the temperature. The water-free exit gas concentration was
analyzed with a thermal conductivity detector (TCD) and further processed to calculate
the amount of hydrogen consumed during the reduction process. This total amount of
consumed H2 was used to calculate the weight of reducible species (

) and the

percentage of metal reduction ( ) as follows:

(17)

(18)

where,

represents the molecular weight of the reducible species (g),

the volume of H2 consumed at STP (cc),

stands for

denotes the gas molar volume at STP

represents the actual metal amount on the oxygen carrier (g). ν stands

(cc/mol) and

for the stoichiometric number (1) based on the following reaction stoichiometry:
.
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4.3.2.4.2.

Temperature Programmed Oxidation (TPO)

TPO examines the extent to which an oxygen carrier can be oxidized or was previously
reduced. For this investigation, TPO experiments were developed following each one of
the TPR experiments in order to re-oxidize the sample reduced in the TPR cycle. Before
starting TPO, the system was cooled down to room temperature. During the cooling
period, an inert gas (helium) flow was maintained to flush out any unreacted hydrogen
from the system.
The steps of TPO were exactly the same as the ones of a TPR with the exceptions that in
this case, the flowing gas stream had a composition of 5% O2 and 95% He and the bed
temperature was increased up to 750 °C. As with the TPR, the total amount of consumed
O2 calculated from processed TCD data, was used to measure the weight of oxidized
species (

) and the percentage of metal oxidation ( ) according to the following

equation:

(19)

(20)

where,

is the volume of O2 consumed at STP (cc) and ν is equal to 0.5 based on the

following reaction stoichiometry:

.

The cyclic TPR/TPO experiments are very relevant to the CLC process given the
expected cycling reduction and oxidation of the oxygen carrier in the fuel and air reactor
respectively. This characterization technique is very important given the possibility of
nickel to interact with alumina forming aluminates, which are difficult to reduce at low
temperature
4.3.2.4.3.

.
H2 pulse chemisorption:

Exposure of the oxygen carrier to repeated reduction and oxidation cycles may lead to
crystal growth due to agglomeration. This crystal growth can lead to a loss of available
metal oxide sites. Therefore, it is very important to assess the effect of
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reduction/oxidation cycling on metal crystal size/metal dispersion. The pulse
chemisorption technique provides valuable information on the dispersion and on the
crystal size of the supported metals. Metal dispersion can vary depending on several
factors such as the type of metal/support, the surface area of the support, the sample
preparation methods and the effects of the promoter.
Pulse chemisorption experiments were performed in between each TPR/TPO cycle. A
stream of argon gas was flown through the reduced bed after TPR experiment at a rate of
50 mL/min. A series of hydrogen pulses (1.0 mL) were injected at room temperature into
the bed with a 1.5 min delay between each gas sequential injection. Each pulse generated
a TCD peak which was recorded at the exit of the gas stream (Figure). Peak areas
changed for each injection as a result of the H2 chemisorbed amount. The pulse
chemisorption experiment was discontinued when two consecutive TCD peaks had the
same area. The total amount of chemisorbed H2 on the active sites of the oxygen carrier
was determined from the processed TCD data and used to calculate the percent dispersion
( ) as follows:

(21)

where,

represents the total hydrogen chemisorbed (mol of H2 / g of oxygen

carrier),

stands for the metal weight percentage and

metal. Furthermore, the average crystal size (

denotes the fraction of reduced

) was calculated as follows:

(22)

where,
3

represents the particle shape constant,

(nm ) and

stands for the volume of metal atoms

denotes the average surface area (nm2) of metal particles exposed per

surface metal atom.
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Figure 6: Typical TCD profile for H2 pulse chemisorption experiments, where each peak
represents the eluted hydrogen (non-adsorbed hydrogen) after each injection

4.4 Evaluation of the oxygen carriers in the CREC Riser Simulator
The prepared oxygen carriers in this study were evaluated for their reactivity and
regenerability under the expected conditions of an industrial scale fluidized CLC unit
using the CREC Riser Simulator (de Lasa 1992). The CREC Riser Simulator is a bench
scale mini-fluidized bed reactor designed at Chemical Reactor Engineering Center
(CREC), UWO. This mini-fluidized reactor (capacity of 55.06 cm3), which operates
under batch conditions, is designed for catalyst evaluation and kinetic studies under
fluidized bed (riser/downer) reactor conditions. Several research groups around the
world, including CLC researchers at CREC, have successfully used this novel
experimental tool in order to carry out laboratory scale experiments (Universidad del País
Vasco, Spain; King Fahd University of Petroleum & Minerals, Saudi Arabia; Universidad
del Litoral, Argentina; University of Laval, Canada). The main advantages of this unit
are:
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i.

Its capability of simulating fluidized bed reactions conditions by using a very
small amount of catalyst/oxygen carrier.

ii.

It provides the study of reaction at very low and well controlled contact time.

iii.

It mimics the well-mixed condition of a CSTR in batch operational mood, thus
eliminating axial or radial concentration gradients within the reactor. Therefore, it
simplifies the kinetics study by eliminating the partial derivative equations
required to account for the radial and axial distribution in other types of microreactor available for kinetic study.

iv.

It facilitates the determination of intrinsic kinetic parameters within the chemical
control regime.

v.

Its unique ability in determining the adsorption constant experimentally under the
expected reaction condition.

The following sections, thus, explain the details construction and operational procedures
of the riser simulator. However, the experimental steps for the kinetics study with H2 are
slightly different than the conventional operational steps of the Riser simulator. Thus, in
accordance with the details of experimental steps in the reduction kinetic study with H2,
the experimental steps for adsorption constant determination are also explained.
4.4.1

Experimental Setup:

The design and assembly of different components of the CREC Riser Simulator is
presented in Figure 7. It consists of two sections: the upper shell and the lower shell.
These two shells allow easy access to the reactor to load and unload the oxygen carrier.
The lower shell houses the reactor half-moon shape hole that contains the solid oxygen
carrier/catalyst basket. Two grids bind the solid containing basket, each at the top and
bottom of the basket in order to trap the oxygen carrier particles and to constraint its
mobility within the basket.
A special design of the reactor allows creating an annular space between the outer portion
of the basket and inner part of the reactor shell. This annular space facilitates the
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recirculation of the gaseous reactant/product/carrier by the rotation of a high-speed
impeller positioned above the solid containing basket. A metallic gasket is used to seal
the upper and lower shell of the reactor. Upon rotation of the impeller at high speed (up
to 7500 rpm), gas is forced both outward in the impeller section and downwards into the
outer reactor annulus, causing the solid materials (catalyst/oxygen carrier) to become
fully fluidized. An intense gas mixing inside the reactor can also be achieved by the highspeed rotation of the impeller.

Figure 7: Sectional view of the Reactor with detail assembly of the catalyst basket and
impeller. The green line shows the gas flow path on rotation of the impeller.
The CREC Riser Simulator operates in conjunction with some other accessories, such as
a vacuum box, a gas chromatograph (GC), series of sampling valves, a timer, two
pressure transducers and two temperature controllers. A schematic diagram of the CREC
Riser Simulator, along with the major accessories is illustrated in Figure 8.
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The vacuum box, a stainless steel cylinder with a capacity of 1065 cm3, is connected to
the reactor by a four-port valve that enables the connection-isolation of the reactor and
the vacuum box. A timer is connected to an actuator, which operates the four-port valve.
The timer is used to set the reaction time for an experimental run. It starts with the
manual injection of the feed, and when the preset time expires, the reactor is evacuated to
the vacuum box through the four-port valve. The evacuation process is almost
instantaneous because of the significant pressure difference between the reactor and the
vacuum box. Consequently, the reaction is terminated with the evacuation of the reactor.

Figure 8: Schematic diagram of the CREC Riser Simulator experimental setup
Two pressure transducers (Omega PX303-050A5), rated at 50 psia maximum pressure,
are installed in both the reactor and vacuum box to allow the monitoring of the pressure
during the experiment, as well as to make sure that complete and instantaneous
evacuation occurs in the reactor. Both of the transducers are connected to analog/digital
cards, supplied by Cole Parmer (A/D, model L-08109-27). For data collection,
GWBASIC code is used. Two Omega 400 KC temperature controllers are used in order
to display and control various parts of the system which includes the reactor, vacuum
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box, cooling jacket, flow lines etc. The temperature controllers are calibrated to work
with K type Omega thermocouples. In order to display the temperature of each of the
parts specified above, the input selector knob is rotated to the desired position. An
Agilent 6890N gas chromatograph (GC) is also connected with the system via the sample
loop. A thermal conductivity detector (TCD) is used to quantify the reaction products.
4.4.2

Calibration:

Before conducting CLC experiments, the CREC Riser Simulator system was calibrated to
determine the volume of the reactor and the vacuum box. The gas chromatograph was
also calibrated in order to find the retention times of various reaction products that are
expected during CLC reactions.
4.4.2.1

Volume Calibration of CREC Riser Simulator:

The volume of the reactor was calculated by injecting a known amount of fuel gas
(methane) into the system and observing the pressure difference after injection. Knowing
the injection volume and reactor temperature the volume of the reactor can be
determined. The number of moles of the injected gas can be calculated using the ideal gas
law.
(23)

where,

is the volume (cc) and

is the pressure (psia). The volume of the vacuum box

can also be determined by the same procedure.

Table 7: Reactor and Vacuum Box volume calibration data
Component Volume

Average (cc)

Standard Deviation(cc)

Reactor
Vacuum Box

55.06
1064.91

0.7049
10.9899
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The injected amounts of gas were varied between 8-10 cc and 30-50 cc for reactor and
vacuum box volume calibrations respectively. The results of 45 injections in both cases
are shown in Table 7.
4.4.2.2

TCD Calibration: Identification and Quantification of products

The exit gas concentration at the vacuum box was monitored using the Agilent 6890N
GC equipped with Supelco-12846 micro-packed columns (80/100 Carboxen-1004,
SS) and Supelco-12390 carbon molecular sieve packing
(60/80 Carboxen-1000,

) in series.
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Figure 9: Gas chromatographic analysis of the product gas for the combustion of
methane using MF oxygen carrier in the CREC Riser Simulator (T: 650 ºC; P: 1 atm;
: 0.500 g;
). The green line represents the temperature profile of the GC
oven.
It was observed in case of a single column that the reaction products, water and CO2 (in
case of Supelco-12390), and, CO and Ar (in case of Supelco-12846), overlapped with
each other and could not be separated by varying the different GC operational parameter.
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Supelco-12846 is hydrophilic in nature. Therefore, the use of this column in conjunction
with Supelco-12390, which is very effective in separating components of the exit gas
mixture except the water and CO2, allowed species quantification as shown in Figure 9.
However, only Supelco-12390 was used in case of oxygen carrier reduction with H2.
Supelco-12390 was found superior in separating the H2 and He peaks compared to
Supelco-12846. This chromatogram is also presented in Figure 10. He and N2 were used
as the carrier gases for GC for the reduction experiments with CH4 and H2 respectively.
Details of the GC parameters in both cases are listed in Table 8.
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Figure 10: Gas chromatographic analysis of the product gas for the combustion of H2
using HMF oxygen carrier in the CREC Riser Simulator (T: 650 ºC; P: 1 atm;
:
0.162g;
). The green line represents the temperature profile of the GC oven.
The concentration of individual gas was quantified with a pre-developed calibration
curve. The calibration experiments were done with standard gas mixtures (9.99% Ar,
9.97% H2, 10.1% CO, 9.99% CH4 and 9.99% CO2 balanced with He) supplied by
PraxAir Canada. For reduction experiments with H2, the calibrations were performed
with gas mixture containing 9.99% H2 with the balance being He. The injection volume
51

was varied from 5 to 200µL. The area corresponding to the injected volume, as measured
from the TCD responses, represents the concentration of the gas in moles as shown in
Figure 11. Measurements at each gas concentration were repeated at least three times to
secure reproducibility. These data were used to obtain the calibration curve for individual
components also shown in Figure 11. The corresponding coefficient of determination, R2
was 0.99, which indicates that the proposed polynomials adequately represent the
experimental data. The amount of water was not calibrated. It was, rather, calculated
using the overall mass balance equations.

Table 8: Gas Chromatograph parameters used for reduction experiments and calibration

Section

Inlet

Column

TCD
Detector

4.4.2.3

Components

Reduction
Experiments using H2

Reduction Experiments
using CH4

Heater (°C)
Total Flow (mL/min)
Gas
Mode
Flow (mL/min)
Heater (°C)
Makeup Flow (mL/min)
Ref. Flow (mL/min)
Negative Polarity
Filament

200
31.2
N2
Constant Flow
30
210
7
30
Off
On

200
21.5
He
Constant Flow
20
210
7
20
Off
On

Experimental Procedure

The following are the most conventional steps followed in any CLC experiments using
the CREC Riser Simulator:
i.

Loading of the oxygen carrier

ii.

Preparation for the reduction (fuel combustion) run

iii.

Reduction run

iv.

Purge of the reactor

v.

Preparation for the oxidation runs
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vi.

Oxidation of the oxygen carrier

vii.

Repeat the run

For each reaction experiment in the CREC Riser Simulator, the required amount
(maximum 1 g) of solid oxygen carrier was first loaded into the reactor basket and then
the reactor was closed. A temperature program was run to heat the system to the desired
temperature for the combustion (carrier reduction) reaction. An argon flow was
maintained during the heating period to ensure that the reactor system was free from
oxygen (air). Once the reactor reached the desired pre-set temperature, the argon flow
was arrested and the vacuum pump started evacuating the whole system. The reactor was
isolated from the vacuum box when the pressure transducer read close to atmospheric
pressure. After the pressure in the vacuum box was brought to 1.5 psi, the impeller was
turned on and the feed (CH4) was injected into the reactor using a preloaded syringe.
During this period of methane combustion, the pressure profile of the reactor was
recorded using a pressure transducer.
At the end of the pre-specified reaction time, a valve isolating the reactor and the vacuum
bottle was opened and the contents of the reactor were transferred to the vacuum bottle.
This introduced an abrupt decrease of the reactor pressure confirming that most of the
reactant/product species were removed from the reactor almost instantaneously and that
no further reaction took place. Finally, the product species were analyzed using a gas
chromatograph. A typical pressure profile for reaction with CH4 is presented in Figure
12. Before the next cycle, the oxygen carrier was regenerated (oxidized) by flowing air at
a specified temperature.
In case of the reduction of oxygen carriers with H2, water and unconverted H2 were the
products of the combustion process. Therefore, only H2 peak was observed in the TCD
and it was quite difficult to correlate this area of H2 with the exit gas concentration of the
riser. Thus, to calculate the exit gas concentration from the GC data and the conversion of
the reactant gas, a known amount of inert, in this case, He, was injected. This explains the
two pressure hikes in Figure 12 for H2. After H2 injection, there were also no observable
changes in the pressure profile, which was seen in case of reduction experiments with
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CH4. This was because one mole of H2 produces one mole of H2O and total moles in the
reactor, before and after the reactions, remained constant.
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Figure 11: Calibration data and fitted polynomials for the exit gases of reduction
reaction. (a-d) represent the data for He as the carrier gas for GC, (e-f) represent the data
for N2 as the carrier gas for GC.
The water adsorption experiments over the completely oxidized oxygen carriers were
also performed under the same reduction reaction conditions. The adsorption isotherm
was developed in the observed partial pressure range of water during the CH4 combustion
reaction. To perform these adsorption experiments, first, the pressure profile with no
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oxygen carrier was developed. Following this step, the same amount of water was
injected in presence of the completely oxidized carrier particles and the pressure profile
was recorded. The amount of water adsorbed was calculated from the difference of these
two pressure profiles as portrayed in Figure 12.
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Figure 12: Pressure profile of the reactor and vacuum box of the CREC Riser Simulator
during the reduction experiments with CH4 and H2, and, adsorption experiments with
H2O.

4.5 Conclusions
This chapter clearly identifies the need for the above described experiments from the
perspective of this study. The importance of all these characterizations will be realized in
the upcoming sections where all the results are presented and discussed. The results of
the characterization experiments are presented Chapter 5. The combustion reaction under
CLC operating condition with CH4 and H2 are discussed in Chapter 6 and 7. These two
chapters also include the mechanistic and kinetic study of the gas-solid reduction
processes.
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CHAPTER 5

CHARACTERIZATION OF OXYGEN CARRIERS
5.1 Introduction
The large-scale application of CLC is still contingent upon the availability of suitable
oxygen carriers. A suitable oxygen carrier should have good fluidization properties, high
oxygen carrying capacity, favorable thermodynamics regarding the complete fuel
conversion to CO2 and H2O, resistance to attrition and agglomeration and others, as
discussed in Chapter 2. In the development of a suitable oxygen carrier, the proper
combination of a metal(s) and a support is essential to achieve an appropriate balance
between the oxygen carrying capacity and its stability, without compromising the
fluidization characteristics. Therefore, evaluation and characterization of oxygen carrier
throughout its preparation stages are critical. These analyses are useful to identify various
facts that have significant impact on the desired reactivity and fluidization properties.
This chapter, thus, presents the characterization results of La modified Co promoted
mixed metallic Ni-Co/La-γ-Al2O3 oxygen carrier prepared in three different ways.
Several physical and chemical characterization techniques have been employed as
described in Chapter 4 to understand the suitability of these oxygen carriers in CLC.

5.2 Particle Size Distribution
Considering the importance of particle size distribution in fluidization and reactivity as
discussed in Section 4.3.1.1, analyses using Malvern Mastersizer 2000 for the fresh
support and the prepared carrier particles were carried out. Figure 13 shows the particle
size distribution of γ-Al2O3 and HMF oxygen carrier with a size range between 30 and
200 µm.
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Figure 13: Particle size distribution of fresh support (γ-Al2O3) and HMF oxygen carrier
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The volume weighted particle mean diameters for fresh γ–Al2O3 and HMF oxygen carrier
particles were 91.0 and 88.4 µm with a

of 85.436 and 83.628 µm respectively.

During the preparation stage, however, a small amount of particles was formed in the
range of 5-20 µm due to the mixing process using magnetic stirrer. This actually
contributed towards the deviation in mean particle diameter of HMF from that of the
support. However, there were no differences in particle size distribution between the
support and impregnated support given that the fraction of 5-20µm size particles were
removed using sieves. Figure 13 confirms these results showing essentially an identical
particle size distribution for the support prior to impregnation and for the oxygen carrier
after preparation.
Figure 14 shows that given the ~2000 kg/m3 particle density

and the measured

average particle size, that the prepared oxygen carrier belongs to the Group A of
Geldart’s powder classification.
Based on these findings, it can be concluded that the prepared oxygen carrier of this study
is suitable for fluidized bed operation of CLC and will sustain longer cycles without
forming smaller particles due to abrasion. These characteristics were further confirmed
experimentally in a plexi-glass model of the CREC Riser Simulator, specially designed
for flow visualization.

5.3 N2 Adsorption Isotherm:
The characteristics of porous materials, namely specific surface area, pore size, pore
volume and pore size distribution, play an important role in determining the dispersion of
the active sites, adsorption capacity, reactivity and sintering probability of the oxygen
carriers. A large surface area facilitates high dispersion with increased adsorption
capacity and reactivity (Webb et al. 1997). The N2 adsorption isotherm is widely used
for accurate measurements of these important properties and thus used in this study for
evaluating the porous characteristics of the prepared oxygen carriers as described in
Section 4.3.1.2.
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Figure 15 reports the N2 adsorption-desorption isotherms of all prepared oxygen carriers
including the support itself. Several remarks can be drawn: a) the shape of the isotherms
is consistently of type IV profile (Brunauer et al. 1940), which is common for
mesoporous solids, b) there are significant differences in the structural properties of the
various oxygen carriers under study.
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Figure 15: N2 adsorption-desorption isotherms of different oxygen carriers and γ-Al2O3
support
Thus, it is apparent that the structural properties of γ-Al2O3 were altered when using
different preparation methods. The volume of intake below

= 0.05 decreases

considerably for the prepared oxygen carrier as in the case of HMF. However, the
changes are slight for BF, suggesting that this preparation method allows the retention of
pore structure of the support. This observation is also reinforced by the start of pore
condensation phenomena at the same

= 0.55 for both the support and BF. The pore

condensation at higher relative pressure for both HMF and MF is indicative of the
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presence of larger pores. These larger pores might be the results of pore blockage and
collapse of small pores. Apart from these, all isotherms display a type H1 (de Boer et al.
1964) hysteresis loop, which is associated with solid porous materials consisting of welldefined cylindrical-like pore channels or agglomerates of compacts of approximately
uniform sphere (Lowell et al. 2004). Moreover, the less steep hysteresis loop for sample
HMF suggests the existence of wider range of pores compared to the others (Lowell et al.
2004). All these conclusions are analyzed in the following section.

Table 9: Results of surface area, pore size and pore volume calculated by two different
methods
BET
Sample ID ABET

C

(m2/g)

Vm

t-plot

Pore size distribution

At-plot

ACum

Vpcum

davg

From Isotherm
Vp

davg

(cm3STP/g) (m2/g) (m2/g) (cm3STP/g) (nm) (cm3STP/g) (nm)

γ-Al2O3 193.39 98.88

44.42

193.75 197.84 0.5043

10.19

0.5034

10.42

HMF

52.87 76.78

12.14

53.07

0.1865

14.54

0.1833

13.97

MF

112.51 147.75

25.85

112.95 112.42 0.3650

12.98

0.3679

12.98

BF

142.38 113.07

32.71

142.93 144.39 0.3377

9.35

0.3396

9.53

51.30

The BET equation was used to calculate the surface area. This was due to the linearity of
the N2 isotherm between the range of
below a

= 0.05 – 0.3 with a very small uptake of N2

of 0.05. The results are summarized in Table 9. The values of “C” are

found between 3 and 1000 (Lowell et al. 2004) and consistently less than 300 (Webb et
al. 1997), which is acceptable for mesoporous solids. The experimental values of the
adsorbed volume (

) for various oxygen carriers, which were obtained as a function of

, were also plotted against universal thickness of N2 molecule in a multilayer
adsorption (t-plot) in Figure 16. It is widely accepted that the presence of micropores
results in a deviation from the linear relationship between

and t (de Boer et al. 1966;

Lippens et al. 1965; Lowell et al. 2004). The linearity of the results through the origin for
different oxygen carrier helps to show the important mesoporosity of the prepared oxygen
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carriers. Thus, it was expected that the t-plot area calculated from the slope should be
analogous to the area calculated using BET. This is apparent from the results in Table 9.
The specific area results using these two methods also comply with the results obtained
from pore size distribution (Cumulative area, (

) in Table 9). The pore size

distributions in all of these cases were done using the adsorption branch isotherm and
plotted as shown in Figure 17. The conformity of Acum with ABET implies that the pore
structure of the oxygen carriers are either cylindrical or of the ink-bottle type with a
narrow neck (de Boer et al. 1964). The average pore diameter (davg) with different oxygen
carriers were calculated both from pore size distribution and N2 isotherm and reported
accordingly in Table 9 using the relation, davg=4Vp/A.
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Figure 16: Vads-t-plot for different oxygen carriers and support
The main challenge while preparing oxygen carriers with Ni over γ-Al2O3 is to maintain
the porous structure of the support as Ni facilitates the sintering of γ- to δ- to θ-Al2O3
(50-120 m2/g) (Bartholomew et al. 2006). In contrast, La can act to reduce the extent of
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sintering and retard phase conversion by forming an ultrastable solid solution like
LaAlO3 (Bartholomew et al. 2006; Chen et al. 2001; Hossain et al. 2009). However,
based on the results of Table 9 and Figure 17, it is noticed that the porous structure of γAl2O3 was altered significantly. Though all of the three oxygen carriers were prepared
with the same amount of La, different preparation methods were found to influence the
porous structure of the support. The Sample BF, which was prepared with the maximum
gas flow rate, had the highest surface area (Table 9). One can in this respect notice that
the davg was slightly smaller than the one of the support.
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Figure 17: Pore size distribution of different samples based on adsorption branch of the
isotherm assuming cylindrical pore.
Figure 17 suggests that this preparation method was adequate to preserve the structure of
the support. As the flow rate decreased from BF to MF and HMF, the surface area
decreased with increasing davg and a wider range of pore sizes. These structural changes
were mainly caused by the sintering process which could possibly have led the phase
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transformation of γ- to δ- to θ-Al2O3. The effect of the gas flow rate on the sintering
process can be explained by the exothermic decomposition of metal nitrate precursors in
H2 environment (Bartholomew et al. 1976; Brockner et al. 2007; Ehrhardt et al. 2005;
Mentus et al. 2007). This decomposition process will be discussed extensively in Section
5.4. This exothermic process likely creates high localize temperature in the catalyst
pellet and thus leads to metal sintering during the preparation steps. It is reported that
methods like the ones using diluted H2 at high space velocity with a slow temperature
ramp followed by an extended holding time at a certain temperature facilitates slow
decomposition of nitrate salts. It was suggested that this approach prevents sintering
(Bartholomew et al. 1976, 2006).
Based on the discussion above, in case of sample BF, high gas flow rate minimizes the
sintering effect by taking away the heat released during the metal nitrate decomposition
steps, thus minimizing the high localize temperature in the support particles. High gas
velocity is also favorable to ward off the water produced through these exothermic
reactions. Failure to remove this water enhances the agglomeration of Ni crystals
(Bartholomew et al. 1976) leading to pore blockage of the support, and thus reduced
surface area. This is why high surface area (Table 9) was observed with sample BF while
preserving the porous structure (Figure 17) of the support. This pore structure facilitated
high dispersion of Ni crystals especially on the pore walls. Dispersion
size (

and

and crystal

) calculated using H2 chemisorption experiment and XRD as reported in

Table 10 and Table 12 also portrayed the same results. The available surface area and
of the pores shrunk as more Ni settled on the pore walls. As a consequence, few smaller
pores appeared in the 2-4 nm ranges and the

dropped slightly from that of the

support (calculated from both the pore size distribution and N2 isotherm, Table 9). No
pore blocking or breaking phenomena has been observed in case of BF. However, the
values reported in Table 10 suggest that almost 14% Ni could not contribute towards the
oxygen carrying capacity. This might be due to the difficulty of accessing Ni metals
buried under the layer of Ni in small pores. The
about the state of accessible Ni than

represents the more reliable picture

which is almost 100% in this case due to the

inclusion of non-stoichiometric H2 consumption by NiAl2O4 (Bartholomew 1990; de
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Bokx et al. 1987; Bolt et al. 1998). These conclusions are clearly supported by Figure
18(c), where the pore size distributions are reported after each successive metal loading.
On the other hand, sintering and crystal agglomeration processes are promoted with
decreasing gas flow rates. In case of MF, the small pores collapsed to large ones. As a
result, the support lost its surface area accounted for by small pores with an increased
total pore volume (Figure 18(b)). As the metal loadings continued, the formation of large
pores from the smaller ones stabilized and pore blocking initiated by large Ni crystals.
The MF samples had both small Ni crystals on the wall and some large ones blocking the
pores. However, these two effects reached their extreme with HMF. The total pore
structure of the support disintegrated due to extreme sintering followed by pore blocking
resulted in burial of considerable amount Ni metals. Ultimately, the support lost most of
its surface area (Table 9) and increased

with a wider range of large pores (Figure 17

and Figure 18 (a)) compared to the MF and BF samples. This resulted in the lowest
and

with largest crystal sizes as shown in Table 10.
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Figure 18: Pore size distribution of different samples after each successive metal loading
It is possible to notice that the structural properties of HMF and MF as discussed in this
section and chemical characterizations as reviewed later in Section 5.4 point toward the
possible phase transformation of γ-Al2O3 to the δ- and/or θ-phases in case of MF and
HMF respectively. However, the bulk structure appears to still preserve the γ-
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characteristics as shown in Figure 22. These findings are also further examined in Section
5.5.

5.4 Temperature Programmed Studies
Reactivity and stability under repeated reduction–oxidation cycles are the most important
characteristics of an oxygen carrier in CLC. Sequential reduction-oxidation can reduce
the oxygen carrier’s activity by means of strong metal–support interactions resulting in
the formation of non-reducible species and agglomeration of nickel crystallites. Thus, to
investigate these matters in detail, successive TPR and TPO experiments were carried out
in this study. TPR/TPO is also very effective in determining the reducibility (the
temperature at which the reduction occurs and the percentage of reduction), of the oxygen
carrier as well as in assessing the oxygen carrying capacity of the oxygen carrier.
Figure 19 reports the TPR profiles of the prepared oxygen carriers with the temperature
being ramped (10 °C/min) from room temperature to 950 °C. Quantification (reduction
and oxidation percentage, dispersion, etc.) of TPR data are summarized in Table 10. The
reduction profile of HMF shows a large wide asymmetric TPR peak ranging from 350 to
750 °C. On the other hand, two distinct peaks are observed in reverse intensity for both
the MF and BF samples at the same temperature range. The tail in all the three cases is an
indication that metal species reductions take place at temperatures higher than 750 °C.
These observations imply the existence of surface heterogeneity, in other words, more
than one type of species contributes to the overall reduction process.
According to the literature (Gayán et al. 2009; Hossain et al. 2007, 2009; Richardson et
al. 1996, 1998; Villa et al. 2003; Xu et al. 2009), the peak in the 400-600 °C temperature
range can be attributed to the reduction of Ni+2 in the bulk NiO phase with the reducible
species remaining at higher temperature being NiAl2O4. Using TPR and X-ray diffraction
studies, Rynkowski (Rynkowski et al. 1993) concluded that the reduction of the NiO
species in the amorphous phase occurs in the temperature range of 380- 690 °C.
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Figure 19: TPR Profiles of different oxygen carriers
The reduction of NiAl2O4 spinel formed through strong metal support interaction occurs
at temperatures above 780 °C. The high temperature range was narrowed down as surface
(600-750 °C) and bulk (750-950 °C) NiAl2O4 (Sanchez-Sanchez et al. 2007). Several
others (Chang et al. 2004; Choi et al. 2012; Wu et al. 1979) reported that this surface
aluminate is actually Ni+2 occupying the octahedral and tetrahedral sites of γ-Al2O3.
Based on XRD, TPR and XPS analyses on γ- and κ-Al2O3 as a support these authors
showed that the Ni+2 deposited on tetrahedral vacancies are mainly responsible for TPR
peak above 650 °C. Lack of tetrahedral configurations in κ-Al2O3 resulted in two peaks
below 650 °C which were assigned to bulk NiO and Ni+2 in octahedral spinel
configurations. Similar conclusions were reported with Ni supported on different alumina
phases (γ, γ+θ, θ+α, α) given their observed loss of surface hydroxyl groups (Chary et al.
2008). Based on these literatures, the TPR profile could be ascribed according to Figure
19 to four types of Ni+2 species over γ-Al2O3.
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Table 10: Reactivity and stability parameters for different oxygen carriers

Sample Reduction
(%)

Reduction
below 750 °C

Dispersion

Average

D (%)

(%)

Oxidation

crystal size
(nm)

(%)

HMF

86

78

1.69

58

78

MF

96

86

2.03

47

84

BF

98

76

3.83

26

86

The only other possible species that can contribute to the TPR profiles are the oxides of
La (La2O3 or LaAlO3) and Co (CoO, Co3O4, CoAl2O4 or NiCo2O4). Hossain (Hossain et
al. 2009; 2010b) reported the possible existence of La as LaAlO3 perovskite aluminate
with the hydrogen consumed being negligible. It is believed that during the preparation
steps La interacts with γ-Al2O3 to form LaAlO3 perovskite aluminate or stays as
amorphous La2O3. Both are difficult to reduce even at 950 °C (Blom et al. 1994; Hossain
et al. 2009).
In another study, Hossain (Hossain et al. 2010; Hossain et al. 2007) also indicated that a
small amount (≤ 1 wt%) of Co stays mainly as stable CoAl2O4 over alumina rather than
as other oxide phases of Co. This finding was also supported by a bright blue colored
powder obtained once the oxygen carrier preparation was complete, with this color
change indicating CoAl2O4 formation. These authors along with Mattison (Mattisson et
al. 2003) reported that the reduction temperature for CoAl2O4 is higher than 800 °C.
However, for such a small Co loading, the hydrogen consumption in CoAl2O4 is
negligible as compared to the amount consumed by NiAl2O4. Nonetheless, the
promotional effect of Co is apparent from all the three TPR profiles, as the amount of
bulk NiAl2O4 formation is very low for such a loading of Ni over γ-Al2O3.
This promotional effect of Co can be explained by applying the site-preference energy
concept. The site preference concept is based on the assumption that metal cations in
their oxidized states (Ni+2 or Co+2) with lower bonding energies are the favored species to
interact with Al2O4-2. As Co having a bonding energy of
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, it is likely to

compete more effectively for the Al2O3 sites than Ni, with a 50 kJ/mole bonding energy
(Bolt et al. 1998). Thus, cobalt doped in the proper amounts can lead to very effective
and stable oxygen carriers minimizing the formation of non-reducible species.
Based on the discussion above, it is apparent that the dissimilarity in the TPR profiles is
mainly due the presence of varied concentration of Al+3 in tetrahedral configurations over
γ-Al2O3. Even though all of the three materials are composed of the same amount of
chemical compounds, preparation methods turned out to be the determining factor for
NiO species interacting strongly with the support. Thus, it would be highly desirable to
understand the chemistry involved in the preparation methods and the effect of
controlling variables on the catalytic properties.
Decomposition and reduction of nitrate precursors in H2 environment involve a series of
several exothermic and endothermic reactions steps. Based on thermal gravimetric
analysis (TGA), differential thermal analysis (DTA) and chromatographic measurements,
Bartholomew (Bartholomew et al. 1976) reported that the decomposition of nickel nitrate
under H2 environment resulted in reduced Ni, directly through the generation of NO,
NO2 and NH3 as the product gas. Using TPR with a mass spectrometer, Jang (Jang et al.
2008) showed that the decomposition of nickel nitrate may proceed simultaneously with
the reduction and identified NH3, N2, NO, NO2 and N2O as the evolved gases. Out of
these gases, NO, NH3 and N2O were the most abundant. Furthermore, Yuvaraj (Yuvaraj
et al. 2003) suggested that the hydrogen reduction of transition metal nitrates may result
in the formation of N2, NH3 or lower valent nitrogen oxides (NOx). So, the possible
reactions reported during the reduction stages are as follows:
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The heat of reactions calculated and reported (Bartholomew et al. 1976) for all these
product gases are found to be highly exothermic (-86.5 to -267 kcal/mol) except for NO2
which is slightly endothermic. Thus, these highly exothermic reactions could possibly
result in a temperature runaway and extensive sintering at a temperature where the rates
of the reactions are significant. The rate of decomposition was reported to accelerate at
around 270-280 °C and almost 80% of the nitrate rapidly decomposed at this temperature
within a matter of seconds (Bartholomew et al. 1976; Brockner et al. 2007; Jang et al.
2008). Failure to remove the heat released during this decomposition step caused a
sudden temperature runaway in the catalyst bed to a temperature as high as 800 °C. This
exothermic process occurred in a matter of seconds for pure nickel nitrate (Bartholomew
et al. 1976). A theoretical calculation based on a simple heat balance equation as shown
in Eq. (24), resulted in the prediction of a bed temperature rise close to 1700 °C with zero
flow rate of the reduction gas. The followings were assumed when calculating the bed
temperature during the reduction process:
a. Almost 80% of NO3 salts decompose at around 280 °C in matter of seconds
(Bartholomew et al. 1976; Brockner et al. 2007).
b. NH3 and NO were the main product of decomposition (Jang et al. 2008; Yuvaraj
et al. 2003).
c. At low flow rates of the reducing gas, such as in case of HMF, the particles act as
a bed of large clusters resulting from channeling of the gasses though the bed. As
the flow rate increases, the cluster sizes drop and more surface areas are available
for heat transfer.
d. The clusters’ diameters were calculated assuming equivalent spherical grains.
The areas for heat transfer were also based on these equivalent spherical grain
diameters.

(24)

where,

stands for the surface temperature of the support particles (K),

the temperature of the reducing gases (K),

time (s),
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represents

corresponds to the

mass of the support (kg) and
(J/kg.K).

stands for the specific heat capacity of the support

represents the rate of nitrate decomposition (kg/s) and

overall heat of reaction (J/kg).

stands for the

is for heat transfer coefficient (J/s.m2.K) and A is the

area available for heat transfer (m2).
Figure 20 reports the variations of the calculated surface temperature based on the
clusters’ diameter. The temperature increment was found to be around 600-670 °C in
case of HMF. This is analogous to the DTA analysis of supported Ni(NO3)2.6H2O by
Bartholomew (Bartholomew et al. 1976), where the support functions as a heat sink.
Nevertheless, the heat effect could be of major consequence in a large bed. The very
significant drop in surface area and collapse of porous structure as seen in the BET
section in case of HMF serve as evidence in support of this statement.
As the velocity of the reducing gas was increased as in the case of BF, there was a limited
temperature increase, with the temperature remaining close to the oven temperature
(below 0.0005 m in Figure 20). The main reason for this variation is the availability of
heat transfer area. In case of HMF, the catalyst bed acted as a fixed bed composed of
large cluster of particles resulting from channeling. However, with increasing velocity,
the cluster sizes were reduced to smaller sizes providing a higher surface area for heat
transfer. In case of BF, the cluster sizes were reduced to agglomerates of likely 2-5
particles. Thus, this resulted in maximum heat transfer from the reduction bed.
This theoretical observation has already been suggested by Bartholomew (Bartholomew
et al. 1976) in order to minimize the sintering effect during the decomposition of nitrate
precursors. Results and discussions on the pore size distribution in Section 5.3 directly
portray this detrimental effect of sintering over the prepared oxygen carriers. The reduced
average crystal size reported in Table 10 also shows the favorable effect of high gas flow
rate. High gas flows facilitates the transport processes and reduces the growth of Ni
crystallites. Similar decomposition behavior was also reported using nitrate precursors for
La (Mentus et al. 2007) and Co (Ehrhardt et al. 2005).
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Figure 20: Surface temperature based on cluster size during the decomposition step
This heat of reaction causes sintering through the dehydroxylation of the support. It has
been shown by several authors (Digne et al. 2004; Kwak et al. 2011; Kwak et al. 2011a;
Sohlberg et al. 2000) that at 500 °C, there is a complete removal of hydroxyls from the
100 facets of γ-Al2O3. These hydroxyl groups are however, partially removed at this
temperature from the γ-Al2O3 11 facets. γ-Al2O3 is a defective spinel phase of alumina
with cation site vacancies randomly distributed throughout the crystal. Al ions occupy
both the tetrahedral (25-37.5%) and octahedral sites (Choi et al. 2012; Levin et al. 1998;
Sohlberg et al. 2000; Wang et al. 1999; Zhou et al. 1991). The hydroxyl ions are a
necessary component of the defect structure, their number being equal to the number of
cation vacancies (Levin et al. 1998; Sohlberg et al. 2000; Wang et al. 1999).
Due to the dehydroxylation of these surfaces, Al+3 at tetrahedral sites drop from the
surface layer to the vacant interstices of the bulk structure to satisfy the valence
requirements (Sohlberg et al. 2000). A surface Al+3 in a tetrahedral site is highly unstable.
Thus, the reconstruction triggered by dehydroxylation of the (110) and (100) facets
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completely eliminates this unstable surface species (McHale et al. 1997).

This

spontaneous reconstruction completely depleted tetrahedral Al+3 reported in NMR studies
(Coster et al. 1994). Based on electron diffraction study Jayaram (Jayaram et al. 1989)
suggested that the γ→ δ transformation begins with the ordering of tetrahedral cations in
small (1–2 nm) domains.
The Rietveld analysis of diffraction spectra from several Al2O3 polymorphs suggests that
the reduction of the surface area and the ordering of the tetrahedral aluminum sub-lattice,
which occurs during heating, cause a gradual collapse of the cubic spinel framework. In
the early stages of transformation, this allows the structure to exhibit tetragonal character,
being transformed later into the monoclinic θ-Al2O3 configuration (Zhou et al. 1991). The
two important trends during cation ordering in the change from bohemite to θ-Al2O3 were
outlined by Levin (Levin et al. 1998): (i) a gradual decrease in aluminum cation
occupancy in tetrahedral sites, with this being correlated with increased occupancy at the
octahedral sites, and (ii) a gradual decrease in the total number of cation vacancies.
Based on the discussion above, it is apparent that in case of the HMF, there is a reduced
metal support interaction with inadequate heat removal from the large particle clusters.
This causes the surface Al+3 atoms in tetrahedral configuration to migrate to the bulk.
This leads to a collapse in the cubic spinel framework with the reduction of specific
surface area. Though the surface temperature in this case is estimated to be around 600
°C, the core of the clusters could possibly display an even higher temperature. Therefore,
the results of BET and TPR, and the chemical properties of the surface of the support
may, in this case, resemble those of θ-Al2O3, whereas the bulk may still in the γ- or δphase.
As the reducing gas velocity increases, this migration of Al+3 diminishes resulting in an
increased metal support interaction. Thus, under the BF conditions, one can expect that
the γ-Al2O3 structure is retained by most particles while under MF a mixture of δ- and γphases can be expected. Thus, the available bonding sites and especially the reducibility
of nickel were found to be higher on the mixture of aluminas, containing less OH-groups

72

(in other words less Al+3 atoms available in tetrahedral configuration) than the pure γalumina (Jacobs et al. 1994).
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Figure 21: TPR profiles with increased Ni loading
The effect of flow rate in controlling the migration of Al+3 atoms in tetrahedral
configuration is also identifiable with incremental Ni loading as shown in Figure 21.
Regarding the support surface, it was found to be modified significantly in the case of
HMF after loading La and Co as reported in Figure 18. Thus, it was expected that most of
the Ni would be deposited over the octahedral sites or as bulk NiO. This is evident from
Figure 21 in case of HMF. The TPR profiles point towards less metal support interaction,
with this being valid at various Ni loadings.
On the other hand, as shown in Figure 18 for MF, sintering was allowed partially, which
resulted in loss of surface area while preserving the pore structure after La and Co
loadings. Therefore, in this case, the concentration of Al+3 in tetrahedral configuration is
expected to decrease gradually. This results in a characteristics Ni atoms deposition over
the support surface. This involves more Ni in the tetrahedral sites at low loadings, with
octahedral sites being more dominant at Ni loadings surpassing 5 wt%.
However, in the case of BF, the shift in distribution was observed near completion of 15
wt% Ni loadings. It is speculated that while the support kept its structural integrity, Ni
deposits over tetrahedral sites of Al+3 first, until saturation is achieved. Thereafter, Ni
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starts depositing mainly over Al+3 octahedral sites or as bulk NiO. This is apparent form
Figure 21. Similar observations are reported in Section 5.5 and 5.7.
Another purpose of this study was to determine the stability of the oxygen carrier under
repeated TPR/TPO cycles, with this resembling the harsh operating conditions of an
industrial scale CLC plant. It is significant to note that most of the oxygen carriers lose
their activity due to agglomeration of metal particles. Crystal agglomeration reduces the
oxygen carrying capacity and thus, the reducibility with each cycle. To investigate these
matters more deeply, in the case of the oxygen carriers of the present study, sequential
reduction-oxidation as in cyclic TPR/TPO and H2 chemisorption was performed in
between each redox cycle.

Table 11: Stability of oxygen carrier (reduction, dispersion and crystal size) over
repeated TPR/TPO cycles
Sample

HMF

MF

BF

TPR/TPO Cycles
1
2
3
4
5
6
7
8
9
10
87
84
84
85
82
88
86
85
88
83
1.58 1.70 1.76 1.65 1.62 1.71 1.68 1.50 1.65 1.51
62.07 59.16 59.93 56.52 57.34 57.62 59.54 57.61 58.98 55.13
97
96
96
98
95
97
97
96
96
95
1.97 1.95 2.17 1.92 2.13 2.04 2.17 2.01 2.01 1.91
46.41 45.30 44.76 52.05 50.31 47.62 44.49 45.27 46.65 48.58
97
98
97
97
98
98
97
98
98
99
3.91 3.74 3.84 3.78 3.86 3.77 3.88 3.90 4.00 3.81
26.05 25.48 22.50 25.43 24.34 24.04 23.69 24.93 21.99 27.93

Table 11 lists the

,

and

for 10 cycles of operation. For all the

samples studied, the sequence of TPR/TPO cycles demonstrated consistent reducibility of
nickel particles. This shows that the prepared oxygen carriers were stable and that there
was no phase transformation during the cyclic redox process.
Hydrogen pulse chemisorption results further confirm the stability and reactivity of the
sample in consecutive reduction and oxidation cycles. One should however note that, the
extent of reduction (reduction percentage) is lower in case of HMF than for MF and BF.
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This difference can be attributed to the HMF reduced surface area due to the collapse of
the porous structure causing nickel being buried in the support as discussed already in the
Section 5.3. As well, preservation of the original pore structure, and as a result the
available high surface area, facilitated accessibility to most of the loaded nickel in case of
MF and BF.
In addition, one should also notice the consistent smaller Ni crystallite size for particles
resulting from BF conditions. As shown in Figure 19, the smaller particles in BF
pretreatment can yield strong metal support interactions. Regarding this matter, Choi
(Choi et al. 2012) showed that the Ni particles on κ-Al2O3 were smaller than those on the
γ-Al2O3. The γ-Al2O3 contains more acidic sites (Al+3 in tetrahedral configurations) that
interact more strongly with Ni than the neutral κ-Al2O3.
Based on calculated Fermi level energy and spacing between adjacent levels of metal
particles, Che (Che et al. 1989) reported that the physical and catalytic properties start to
change near or below 2 nm of the metal particles. The surface energy created by nonsaturated atoms in corner, edge, and plane sites becomes less significant with increasing
Ni particle size greater than 1.94 nm (Kinoshita 1992). Thus, given the crystallite sizes
estimated larger than 1.9-2 nm in this study, it can be concluded that the effects on
reducibility and metal support interactions are not determined by the particle sizes but
rather by the availability of Al+3 in tetrahedral configurations and/or by the concentration
of hydroxyl ions on the support surface.

5.5 XRD Analysis
XRD is considered to be the fingerprint of a crystal structure. This can be used for
qualitative and quantitative phase analyses of NiO as discussed in Section 4.3.2.2. The Xray diffractograms of γ-Al2O3 and oxygen carriers in calcined and reduced forms are
presented in Figure 22 with the reference peaks from JCPDS. Diffraction peaks
corresponding to crystalline species of either La2O3, La(OH)3, La2(CO)2O2 or LaAlO3
phases were not detected indicating a well-dispersed, amorphous Lanthanum phases on
the surface of the support. In addition, no Co3O4, CoAl2O4 or NiCo2O4 peaks were also
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observed in the XRD patterns. This is understandably due to the low concentration of Co
(1%) in the carrier material.

Figure 22: XRD spectra of γ-Al2O3, calcined and reduced oxygen carrier carrier.
Reference peaks for γ-Al2O3, NiO and Ni are from JCPDS 10-0425, 44-1159 and 040850 respectively.
The major diffraction lines were observed at 2θ values of 37.3°, 43.3°, 63°, 75.5°, and
79.5°. These lines could be traced back to the bulk NiO crystals in all the three cases of
calcined oxygen carriers. These lines were sharper and more intense for HMF and MF
than for BF. This shows that larger nickel oxide crystals were formed under HMF and
MF conditions. On the other hand, in case of BF, a broad peak corresponding to welldispersed small crystals on a thin layer of amorphous nickel species was observed (Figure
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25). A similar observation was reported by Heracleous (Heracleous et al. 2005) when
more than 15 wt% of Ni was present over γ-Al2O3. This suggests the saturation of the
alumina

surfaces

by

two-dimensional

Ni

species

and

the

formation

of

multilayer/crystalline Ni phases. The monolayer dispersion capacity of NiO on Al2O3 has
been reported to range from 13 to 20 wt% Ni loading. This has been determined by ion
scattering spectroscopy (Wu et al. 1979), XRD (de Bokx et al. 1987) and XPS (Xiaoyong
Wang et al. 1999).
The average Ni crystal size was calculated using Eq. (16). The broadening of Ni (111)
diffraction lines for the reduced oxygen carrier was used to calculate the crystal size and
results are listed in Table 12. The calculated crystal sizes of Ni particles were found to be
less than the ones obtained using H2 pulse chemisorption. This deviation resulted from
the incapability of XRD to detect crystals below 2-4 nm, whereas H2 chemisorption
experiments were able to account for both the small crystal sizes and amorphous phase.
However, the decreasing order of crystal sizes based on preparation methods
complements the values observed in Section 5.4

Table 12: Crystal Size of Ni calculated from XRD spectra using Scherrer’s equation
Sample

Crystal Size (nm)

HMF

20.3

MF

17.7

BF

5.2

Based on the discussion in Section 5.4, one could also expect visible diffraction lines for
NiAl2O4 and δ/θ-phase of alumina. To examine the presence of NiAl2O4, all the three
oxygen carriers were reduced under H2 flow at 750°C before the XRD experiments. It is
apparent from the TPR results that no NiAl2O4 was reduced below this temperature. As a
result, if there was NiAl2O4 in crystalline from, one should expect a diffraction line at 2θ
~ 37°. However, the complete disappearance of NiO (111) diffraction lines (Figure 22)
in all three reduced samples suggests the absence of crystalline NiAl2O4.
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Other strong diffraction lines of NiAl2O4 may appear at 2θ 45°, 60° and 66°. These
diffraction lines may also be present in case of all the three prepared oxygen carriers.
However, γ-Al2O3 also provides diffraction lines in these 2θ values. Therefore,
identification of such species is not an easy task using XRD analysis, whereas their
presence is easily detectable using TPR experiments. Bolt (Bolt et al. 1998) reported that
NiAl2O4 exhibits structural, spectroscopic, and chemical similarities with bulk spinels but
are not detectable with XRD.
Similar observations were reported by several others (Kwak et al. 2011; Paglia et al.
2004; Zhang et al. 2006) while characterizing transition alumina (γ-, δ- or θ-Al2O3)
surfaces by XRD analysis. This is due to the intrinsic properties of these phases namely
low crystallinity and small particle size. Thus, XRD is rather ineffective for the detection
of molecularly thin surface layers that might possess structural properties (geometric,
electronic, coordination) significantly different from those of the bulk. On the other hand,
chemical probes (i.e., surface reactions TPR/TPO, TPD, chemisorptions etc.) provide
important information, valuable for the inference of the changes in the near-surface
structural properties of solid materials. The information gained from such studies can also
be used to directly correlate catalytic properties with surface structure (Kwak et al.
2011a).
Therefore, even after having conclusive evidence of phase transformation from γ-Al2O3
to δ-phase for MF and θ-phase for HMF using the TPR study, phase changes could not be
confirmed using XRD studies. This phase transformation may have occurred at the
interfaces between the Ni crystallites and alumina support surfaces, whereas the bulk
structure of the support remained in the γ-phase. It appears that transformation from γ to
γ′ (an intermediate phase between γ and δ-Al2O) occurs by dehydroxylation in the
amorphous region rather than the crystal phase. This is accompanied by cation ordering
by maintaining the ratio of tetrahedral and octahedral sites (Paglia et al. 2004). Kwak
(Kwak et al. 2011) reported the possibilities of core-shell structure. The bulk of the
alumina crystallites are phase-pure γ-Al2O3, whereas the surfaces of the particles have
structures of the δ-Al2O3 or θ-Al2O3 phase. These new phases are formed through
dehydroxylation of the (1

and 11 ) facets of the γ-Al2O3. In a combined UV/visible
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Raman, XRD, and high-resolution TEM study similar conclusions were reported for TiO2
phase transformation (Zhang et al. 2006).

5.6 XPS Analysis
XPS spectra allow one to infer the presence of Ni in different oxidation states. Apart from
these, supported Ni provides distinct binding energy (BE) that is useful in determining
the surface heterogeneity with various Al+3 ions present in γ-Al2O3. Thus, from the
perspective of this study, this analysis extracts important information that can bolster the
observations and conclusion discussed in Section 5.4. Table 13 summarizes the binding
energies of different oxidation state of Ni over γ-Al2O3 already available in the literature.

Table 13: Summary of binding energies of the
BE

BE

(eV)

(eV)

852.3-852.9

868.0

853.4-855.0

872

855.5-855.8

861.7, 873.3-6

858.0-858.2

863.0

over γ-Al2O3
Reference.

(Poncelet et al. 2005; Salagre et al. 1996;
Wang et al. 2011; Zhang et al. 2009)
(Heracleous et al. 2005; Loviat et al.
2009; Salagre et al. 1996; Wang et al.
2011; Zhang et al. 2009)
(Heracleous et al. 2005; Poncelet et al.
2005; Wang et al. 2011)
(Poncelet et al. 2005; Salagre et al. 1996;
Wang et al. 2011)

All the three prepared oxygen carriers in this study also contain 5% La in addition to 20%
Ni. It was observed during the XPS experiments, that Ni 2p3/2 overlapped with the La
3d3/2 as shown in Figure 23. Thus, La spectrum was normalized based on its weight
fraction, which was later subtracted from the spectra obtained for all the three oxygen
carriers. This subtraction process introduced slight noise. However, signal to noise ratio
was above the satisfactory level to perform the deconvolution in order to differentiate the
Ni species. The deconvolution was performed with PeakFit v4.12 software, in which a
Gaussian/Laurentzian mix of variable proportions was applied to obtain the recorded
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spectra. All the three spectra were best fitted with six components (main and satellite)
with average binding energies as reported in Table 13 and presented in Figure 24.

a.u.

La 3d3/2

La 3d5/2

860

855

850

845

840

835

Binding Energy (eV)
Figure 23: XPS spectra of 5%La/γ-Al2O3 with the satellite peak of La 3d5/2
The observed XPS spectra (Figure 24) after the subtraction of La 3d profile reveals that it
was not completely possible to ignore the influence of La 3d satellite peak (3d3/2). Thus,
the first peak at BE of 852, as observed in Figure 23, is assigned to La 3d3/2. This is also
worthwhile to mention that the observed La 3d5/2 BE of 835.3 is quite high compared to
the reported values of La2O3 (834.3) (Chen et al. 2001) and LaAlO3 (833.8) (Haack et al.
1992). However, these two authors including several others (Alvero et al. 1987; Haack et
al. 1992a; Ledford et al. 1989) reported very high BE values in the range of 835.1-836.1
for atomic La/Al < 0.1 at different calcination temperature.
The rationale reported by these authors was that La was well dispersed over γ-Al2O3 at
low content of La (La/Al < 0.1) and at low calcination temperature (less than 1000 °C).
Hack (Haack et al. 1992; 1992a) pointed out this dispersed phase as low coordination of
La+3, which is the precursor of La-β-Al2O3 and is responsible for retarding phase
transformation of γ- to α-Al2O3. Moreover, none of these authors observed any
diffraction lines in XRD analysis for this well dispersed phase of lanthanum oxide.
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HMF

NiOctahedral

a.u.

NiTetrahedral

a.u.

MF

a.u.

BF

866

864

862

860

858

856

854

852

850

Binding Energy (eV)
Figure 24: Illustration of XPS spectra for the three oxygen carriers in their oxide form
with peak fitting components
On the other hand, La-β-Al2O3, LaAlO3 and La2O3, all these components produce distinct
peaks during the XRD analysis. Formation of these species also requires high calcination
temperature (greater than 1200 °C) and high La/Al atomic ratio (greater than 0.1). Chen
(Chen et al. 2001) reported, on the basis of XPS and XRD analysis over several La/Al
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atomic ratio and calcination temperature ranging from 600-1500 °C, that with increasing
La content at high calcination temperature leads to changes in the chemical state of La.
La species in alumina transform to LaAlO3 to La2O3 from the dispersed phase of
lanthanum oxide. Thus, this discussion is quite self-explanatory to clarify the absence of
XRD peaks in Figure 22 and high observed BE values of La for the prepared oxygen
carriers.
The only other plausible component at the same BE level (852) is Ni0. However, all the
prepared oxygen carriers were oxidized before the XPS studies, which eliminated any
likelihood of the existence of Ni0. The next peak was assigned to Ni+2 as in NiO at the BE
level of 853.5. Characteristics peaks of Ni+2 at octahedral configuration of Al+3 were
found at BE level of 855.8-855.5 for all three oxygen carriers. These peaks showed a
satellite peak located at 861.5 slightly lower than the reported values in Table 13. The
third peak at BE of 857.9-858.03 is for Ni+2 at tetrahedral configuration of Al+3 ions.
Therefore, the results obtained were found to be in agreement with the observations made
during TPR studies. With increasing gas flow rates, the concentration of
increased. This trend can be correlated with the surface concentration of Al+3 ions in
tetrahedral configuration responsible for strong metal support interaction.

The BF

oxygen carrier was believed to preserve the γ-Al2O3 structure, and thus, was expected to
have the higher concentration of tetrahedral Al+3 ions compared to MF and HMF.
Whereas, decreasing velocity of the reducing gasses, during the preparation steps, lowers
the available heat transfer area and facilitates de-hydroxylation of the support surface.
This phenomenon ultimately resulted in migration of these surface tetrahedral Al+3 ions
from the surface to the bulk structures.
decreasing peak of

This is apparent from Figure 24 with the

and with this being analogous to the observation of TPR

studies.

5.7 SEM/EDX analysis:
SEM/EDX is a powerful tool for directly observing chemical structure, surface texture,
morphology, and crystallite size of catalyst material over a broad range of resolutions
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ranging from ~10 nm dimension to several hundred microns. The SEM backscattered
composition images for the prepared oxygen carriers are given in Figure 25 and the
results of EDX analysis are summarized in Table 14.

Figure 25: SEM backscattered composition image of the oxygen carriers (7000-20,000
magnification)
The first column of Figure 25 provides an overall picture of the particles, which resulted
from different preparation methods. The second and third columns portray the surface
morphology of these particles respectively for the fresh and the used ones. The observed
bright spots on the particles represent the exposed Ni crystallites. Since the molecular
weight of Ni is greater than Al, its metallic form was brighter in backscattered
micrographs, and consequently, the darker spots are for Al.
The EDX data was collected from various analytical SEM areas, several bright and dark
spots, and cluster like surfaces. The variations in elemental surface composition were not
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found to be significant enough. Thus, the average values are reported in Table 14. This
observation also implies a quite uniform distribution of metals over the alumina surface.
Table 14 also suggests a good agreement between the observed and the targeted bulk
metal loading. It is important to mention that the proper amount of metal loading and its
influence in CLC operation was already discussed in Section 4.3.2.1.

Table 14: Average of elemental composition calculated from EDX data
Weight (%)

Element
HMF

MF

BF

O

32.5%

33.79%

32.27%

Al

43.5%

43.48%

43.11%

Ni

19.2%

17.92%

18.93%

La

4.8%

4.81%

5.68%

The morphology observed in Figure 25 for all the prepared oxygen carriers visibly
complements the discussion provided in Section 5.3, 5.4, 5.5 and 5.6. The effect of
sintering, as discussed in the analysis of N2 adsorption isotherm and TPR profile, was
expected to be observed in the SEM images of the HMF and MF oxygen carriers. The
SEM, in fact, confirmed these expectations with small bright crystallites over less bright
patches visibly showing the sintering phenomena. Bolt et al. (Bolt et al. 1995) noticed
similar SEM images of sintered Ni crystals over α-Al2O3. On the other hand, formation of
two dimensional Ni crystallites over the preserved characteristics of typical γ-Al2O3 was
reported to be observed after the monolayer formation or the saturation of alumina
surfaces with 15-20% Ni (de Bokx et al. 1987; Heracleous et al. 2005; Xiaoyong Wang et
al. 1999; Wu et al. 1979). This is also observed for the BF oxygen carrier, which
preserves the pore structure of the fresh γ-Al2O3 and has the highest amount of surface
Al+3 ions in tetrahedral configurations. The monolayer or saturation of the alumina
surfaces is observed as a paste-like layer in Figure 25. The presence of very few isolated
crystallites of Ni particles also strengthen the conclusion that they were formed after the
formation of monolayer. This finding is also in agreement with the observed diffraction
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peaks during the XRD analysis, which was less sharp compared to HMF and BF. Based
on Figure 21, it could also be inferred that the formation of these isolated crystals
triggered after completion of near 15 wt% Ni loadings in case of BF.
Thus, it appears that high availability of Al+3 ions in tetrahedral configuration facilitates
dispersion as a paste like layer and increase the metal support interaction. On the other
hand, low availability of tetrahedral Al+3 ions is regarded for the deposition of more Ni in
a crystalline from. This observation also supports similar conclusions drawn by Choi
(Choi et al. 2012) based on the STEM analysis of Ni over γ- and κ-Al2O3.
Apart from the effect of sintering during the preparation stage, SEM images also provide
useful information about the stability of the prepared oxygen carriers. In fact, SEM
images for the used oxygen carriers display no detectable morphological changes from
the fresh ones. The used samples were collected after 15 cycles of TPR/TPO experiments
conducted at temperature as high as 950 °C. The only measurable morphological change
was indentified when these used samples were subjected to N2 adsorption analysis. A
small drop in surface area (10-15 m2/g) was observed for the used BF and MF oxygen
carriers, while no considerable changes were found with HMF. Moreover, no
distinguishable agglomeration of Ni particles was also observed from Figure 25. This is
also consistent with the crystal size observed using H2 pulse chemisorption experiments
in between each TPR/TPO cycle (Table 11).

5.8 Conclusions
This study is aimed at the development of an oxygen carrier with high reactivity and
stability under CLC operating condition. Therefore, the prepared mixed metallic NiCo/La-γ-Al2O3 oxygen carriers were evaluated with different physical and chemical
characterization techniques, in order to estimate their suitability in CLC operating
conditions and with CLC fuel. Thus, on the basis of the results presented in this chapter
the following can be concluded:
a. The chemistry and careful control of the preparation steps significantly influence
the physical and chemical properties of the oxygen carriers. Controlled
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dehydroxylation as discussed in the BET and the TPR/TPO section was found to
be beneficial in order to minimize the metal support interaction, increase the
surface area and enhance the oxygen carrying capacity.
b. The reducibility and structural properties of the oxygen carriers are indicative of
the existence of δ- and θ-phase. However, their absence in the XRD experiments
suggest that this phase transformation might occur at the interfaces between the
Ni crystallites and alumina support surfaces, whereas the bulk structure of the
support remained in the γ-phase.
c. The three prepared oxygen carriers showed excellent stability under the high
operating temperature of a CLC plant throughout the cyclic TPR/TPO
experiments. No agglomeration of Ni crystals was observed in H2 pulse
chemisorption, which was performed in between each TPR/TPO experiments.
SEM images of fresh and used oxygen carriers also displayed similar distribution
of the metal crystallites.
d. XPS and SEM/EDX analysis provided in depth elemental composition and
showed good agreement between the targeted and observed metal loadings.
e. The oxygen carrier prepared under the MF condition was found to be the most
suitable one, based on surface area, dispersion, oxygen carrying capacity and
reducibility below 750 °C of the sample.
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CHAPTER 6

SOLID-STATE KINETICS: REACTION WITH H2
6.1 Introduction
The reduction kinetics of the prepared oxygen carrier provides useful information to
establish the oxygen carrier recirculation rate, residence time of the particles and reactor
configuration in the CLC. This chapter thus presents the reduction kinetic study of the
prepared oxygen carrier. The kinetics studies are based on the non-isothermal (TPR) and
isothermal (CREC Riser Simulator) reaction data.
The gas-solid reduction rate can be controlled by a specific mechanism, which influences
in turn the corresponding kinetic models. This chapter reports the phenomenological
solid-state reaction kinetics involved during the reduction process. Careful review of the
experimental data and measurements of controlling resistance, are followed by
discrimination and validation of the proposed models using statistical significance of the
Arrhenius parameters for both non-isothermal and isothermal operating conditions.

6.2 Controlling Resistance
The controlling resistances in a heterogeneous or gas-solid reaction system influence the
choice of kinetic models appropriate to explain the mechanistic path of a reaction. Thus,
evaluation and estimation of the possible controlling resistances before evaluation of any
kinetic model is crucial.
Like in any heterogeneous catalytic reaction processes, the following steps are in general
observed in CLC, which involves gas-solid combustion reactions in both the fuel and air
reactor:
i.

Transportation of the reactant gases from the bulk gas phase to the external
surface of the solid reactant
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ii.

Diffusion of the reactant through the porous structure of the oxygen carrier to the
active sites of combustion

iii.

Adsorption of the gas molecule on the active sites for combustion.

iv.

Reaction between adsorbed molecules and the solid phase or combustion of the
adsorbed molecules on the active sites

v.

Desorption of the gaseous product from the depleted active sites

vi.

Diffusion of the products through the porous structure of the oxygen carrier to the
surface

vii.

Transportation of the combustion products from the surface to the bulk gas phase

Therefore, each of the above mentioned steps can limit or influence the overall rate of the
reaction network. However, resistance of some of the steps may be sometimes
significantly high and this allows one to disregard the possible influences of other steps.
The step with the highest resistance, which determines the reaction mechanism and
influences the choice of a kinetic model, is considered as the rate-limiting step. For
example, reactions can be diffusionally controlled if the rate-limiting step is either the
external (i or vii) and/or the internal (ii or vi) diffusion. On the other hand, reactions can
be classified as chemically controlled, when the intrinsic surface reaction determines
(step iv) the overall reaction rate.
The inherent hydrodynamics of a CLC process is selected to eliminate any possible
transport limitation between the gas phase reactant and solid oxygen carrier particles.
Mass transfer limitations, both the internal and external (step i-ii and/or step vi-vii),
depend on the particle size, gas velocities and mixing conditions. CLC is a dual-fluidized
bed reactor system, which uses particles of very small size (Geldart A or B class, Figure
14) and operates under vigorous mixing conditions. Therefore, it could be assumed that
the CLC process is intrinsically free of any mass transport limitation.
However, in this study, kinetic data was also obtained using TPR/TPO studies. TPR/TPO
units are configured to operate as a fixed bed. The fixed bed operation may lead to
significant mass transfer resistance. The kinetic study with the prepared oxygen carriers
was also performed with reduction runs in the CREC riser simulator. The CREC Riser
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Simulator is a bench-scale mini fluidized bed reactor capable of mimicking the wellmixed condition of a CLC operating system. So, in this case, the mass transfer resistance
could be neglected based on this mixing condition and particle sizes of the prepared
oxygen carrier of this study. Nonetheless, in both cases, the influences of transport
limitations were carefully estimated under different sets of experimental conditions and
reported in the following sections.
6.2.1

External Mass transfer

The Sherwood number with Froessling’s dimensionless correlations (Fogler 2006;
Heynderickx et al. 2005) is widely used in heterogeneous kinetic study to assess the
external mass transfer limitations. The following empirical correlations were used:

(25)
(26)
(27)

where,

and

are Sherwood, Schmidt and Reynolds numbers, respectively,

the external mass transfer co-efficient
of gas A in gas B,
observed reaction rate

,

represents molecular diffusivity

denotes the particle diameter
,

is

,

stands for the

is the bulk concentration of gaseous reactant and

is the surface concentration of gaseous reactant

.

The diffusivity of the reactant gas was calculated using the empirical correlation
recommended by Fuller, Schettler and Giddings (Welty et al. 2007):

(28)

where,

represents the reactant gas and

reactant gas diffuses.

represents the inert gas through which the

is the molecular weight
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,

is the temperature inside the

reactor

,

is the pressure inside the reactor

and

is the atomic diffusion

volume.
To evaluate Eq. (25), it is often practical to bind the potential influence of external mass
transfer using a worst-case scenario, i.e., the lowest value of

equals 2, which occurs at

stagnant fluid conditions around a solid particle. This lowest

value corresponds to the

highest possible influence of the gas film resistance (minimum value of mass transfer
coefficient).

maximum value was established considering: (i) maximum hydrogen

consumption rate during the TPR analysis and (ii) maximum conversion of
hydrogen/methane at 650 °C in the reduction experiments at CREC riser simulator. All
the required values for external mass transfer calculation are reported in Table 15.
The maximum calculated value for

was found to be

for the

reduction experiments with hydrogen. For all the other cases, it was much lower. This
concentration difference is negligible compared to the actual concentration of the
reactants in the bulk gas phase. As a result, it can be concluded that all the experiments
conducted for kinetic study are free of external mass transfer limitations.
6.2.2

Internal Mass Transfer

The Weisz-Prater criterion (Fogler 2006) is used in this study to assess the existence of
intra-particle diffusion. Internal mass transfer limitations can be neglected if the
following inequality applies:

(29)

where,

is the observed reaction rate

density

,

and

is the particle radius

,

is the particle
is the effective diffusivity

is the concentration of gaseous reactant at the surface of solid particles
.

The potential influence of intra-particle mass transfer limitations is accounted with the
lowest expected values of diffusivity

and the highest possible
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concentration of the reactant gases, which would be most likely to occur. Table 15 also
presents all the required values for the internal mass transfer calculation.
The maximum value of

was found

in the case of reduction runs with

methane at CREC riser simulator. This value is far less than 1 and satisfies the inequality
according to Eq. (29). Therefore, under the reaction conditions studied, the influence of
intra-particle diffusion limitation can be considered negligible, with intrinsic surface
reactions being the rate limiting step.
Table 15: Parameters used to evaluate mass transfer limitations
Gas phase reactants
Parameter

H2 (TPR)

H2 (CREC Riser

CH4 (CREC

Simulator)

Riser Simulator)

6.3 Kinetics Models
The kinetics study of the gas-solid reaction, especially for supported metal/metal oxide, is
very complex due to the heterogeneity of the active species on the support surfaces.
These include possible variations in properties such as crystal structure and interaction
with the support, presence of impurities and structural defects and others. Such physical
and chemical properties have noticeable effects on the kinetics behavior of the solid and
thus, on the choice of kinetic models used to predict the nature of reactions different from
those for which the measurements were made.

91

Considering the above-mentioned facts, the phenomenological based kinetic models of
the present study are developed based on the physical and chemical characterization
results of the oxygen carrier. A model free approach, known as iso-conversion kinetics, is
also used to predict the Arrhenius parameters from non-isothermal experiments like TPR.
These parameters are found to be in good agreement with values obtained from
isothermal experiments (M. E. Brown 2001) and serve as a reliable reference for kinetic
model discrimination.
6.3.1

Iso-conversion Kinetics

The iso-conversion kinetics analysis provides a simple rate expression that can be
algebraically manipulated to estimate the apparent activation energy of the gas-solid
reaction. It allows estimation of the activation energy from the temperature programmed
reaction data at different heating rates. The only disadvantage of this approach is that the
values of pre-exponential factor cannot be determined without knowledge of a
phenomenological based kinetic model.

Nonetheless, it serves as a complementary

means for the study of mechanistic models.
This technique was originally developed by Friedman (Friedman 1964) to study polymer
decomposition. Later, Tarfaoui (Kanervo et al. 2001, 2002) adopted this method
successfully for the reduction kinetics of metal oxides. The iso-conversion method is
based on the assumption that the rate of reaction at a constant extent of reaction,

, is

only a function of the temperature:

(30)

From the integration of Eq. (30):

(31)

Therefore, a plot of

against

is the basis of iso-conversion method and the

slope of this straight line represents the activation energy for gas-solid reaction.
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6.3.2

Phenomenological Kinetics

The reduction and oxidation kinetics of Ni-based oxygen carrier in CLC has been
reported using several isothermal (batch/continuous fixed/fluidized bed) and nonisothermal (thermo-gravimetric analysis (TGA), TPR/TPO) experimental setups. Based
on these references, it was found that only two general types of models have been
considered to represent the kinetics of these supported oxides:
i.

Nucleation and Nuclei Growth model (NNGM), which incorporates the
mechanism and kinetics of the gas-solid reactions without considering the
morphological properties

ii.

Unreacted Shrinking Core model (USCM), which couples the physical properties
(particle size, pore structure etc.) of the particles with the kinetics of the reactions

In this study, the suitability of both of these models in describing the reduction and
oxidation kinetics is investigated. In general, for both models, the intrinsic kinetics can be
formulated considering an overall reaction rate being a function of the degree of
reduction of the solid material

and of the composition of the species in the gas-

phase (M. E. Brown 2001; Hossain 2007):

(32)

where,

is the progress of the reaction, which can be expressed in terms of the change of

mass of the sample or an equivalent basis in terms of gas consumed, gas evolved, heat
consumed or heat evolved. In the present study, the degree of reduction and oxidation of
the supported oxygen carriers was defined using the hydrogen and oxygen consumption
data. Thus, the transient solid conversion

during each solid-state reaction was

calculated as:

(33)
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where

represents the moles of hydrogen or oxygen consumed at time

and

represents the total moles of hydrogen or oxygen reacted during the complete
reduction or oxidation of the oxygen carrier sample.
The rate constant in Eq. (32) is a function of temperature and is given by the Arrhenius
equation as:

(34)

where,

is the apparent activation energy

exponential factor,

is gas constant

and

in Eq. (34) is used as the centering temperature
between

and

,

stands for the pre-

is the reaction temperature

.

to minimize the cross-correlation

.

In the case of non-isothermal studies like the TPR/TPO of this study, the function
of Eq. (32) is normally considered constant and can be lumped
into a single pseudoconstant. All the TPR/TPO experiments were carried out at a high
feed flow rate and hydrogen/oxygen partial pressure over the sample remains almost
constant. Moreover, the effect of water also can be neglected as all the TPR experiments
were done with a very thin layer of carrier particles at a very high temperature.
Richardson et el. (Richardson et al. 2003, 2004) reported the retardation effect of NiO/αAl2O3 with injected water and this effect was less significant at high reduction
temperature and at water free high gas flow rates.

Therefore, the assumption of

neglecting the partial pressure of water under the experimental condition of this study is
reasonable enough. Under these assumptions Eq. (32) was reduced as below in case of
TPR/TPO experiments:

(35)

However, in case of reduction runs in CREC riser simulator, the partial pressure term
cannot be ignored. CREC riser simulator operates in batch mode. Thus, the concentration
of the reactant gasses changes with the time. This is taken into consideration in terms of
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the solid conversion assuming first order kinetics (Francisco García-Labiano et al. 2004;
Hossain 2007) as follows:

(36)

where,

is the stoichiometric coefficient of the oxygen carrier for per mole of reactant

gas.
The function of the degree of conversion

in both Eq. (35) and (36) depends on the

model used (NNGM or USCM) for the reduction kinetics.
6.3.2.1

Nucleation and Nuclei Growth Model (NNGM)

The gas-solid reaction proceeds through formation of nuclei (nucleation) according to
NNGM. Nucleation is a dynamic process, which practically initiates the reaction and
causes strain in the neighboring regions of unreacted solids. This step is preceded by an
induction period for the activation of the solid phase to form nuclei. The duration of the
induction period primarily depends on the gas-solid system and is a function of reaction
temperature. The progress of the reaction then continues with more nucleation and
growth of the already formed nuclei. This step is called the acceleratory period. The
nuclei growth may also occur due to the overlap of the nuclei and/or ingestion of a nuclei
site. The continued growth of nuclei decelerates after reaching the maximum rate due to
impingement and consumption of the reactants. The overall process is illustrated in
Figure 26 and more details would be found elsewhere (Brown 2001; Brown et al. 1980).
The reduction of NiO supported on alumina also involves the following steps
(Richardson et al. 2004):
i.

Dissociation of hydrogen first on NiO sites and then, rapidly on the surface of Ni0
clusters sites after they became available

ii.

Ni-O bonds break to produce more Ni0 atoms and H2O molecule. The presence of
foreign cations in the NiO lattice or on the surface can accelerate or decelerate
this step

iii.

Ni0 diffuses across the support surface away from the center of the reduction
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iv.

Nucleation of Ni0 into metallic clusters, after a possible induction period if the
overall reduction rate is low (mostly observed in case of a low temperature
reduction process) and

v.

Subsequent growth of Ni0 clusters

Therefore, the relative rate of nucleation, nuclei growth and the concentration of the
potential nucleus-forming sites (also called germ nuclei) are considered for the estimation
of the overall conversion of the reaction. Regarding, the nuclei growth rate, it is constant
at a given temperature and composition of the gas phase for a specific gas-solid reaction.
Either nucleation, nuclei growth or their combination can be the rate-determining step of
the overall reaction. The energetics of the reaction process is primarily dependent upon
this rate-determining step.

Figure 26: Formation and growth of nuclei of product during the reduction/oxidation of
oxygen carrier (Brown 2001).
The experimental α-t (conversion–time) profiles for the prepared oxygen carriers show a
sigmoid shape (Figure 28). This characteristic profile of a gas-solid reaction originates if
the mechanistic of the reaction follows the steps discussed in NNGM (Hossain 2007;
Hossain et al. 2007; Richardson et al. 1994, 2004). As a result, this type of conversion
function

can be explained using reaction-rate controlling Avrami-Erofeev (A-E)
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model (Avrami 1939, 1940, 1941; Hardiman et al. 2

5 Małecka et al. 2

2, 2 4),

which accounts for both the nucleation and crystal growth phenomenon. A clarified
derivation of A-E model can be found elsewhere (Hossain 2007; Hossain et al. 2007).
According to A-E,

can be expressed as follows:

(37)

where, n is the Avrami exponent indicative of the reaction mechanism and crystals
growth dimension. Different proposed mechanisms and their physical meanings (Brown
et al. 1980; Wimmers et al. 1986) based on the Avrami exponent are listed in Table 16.
Substitution of Eq. (37) in Eq. (35) and (36) and rearrangements result in the following
form

(38)

(39)

where,

is the initial temperature and

experiments. According to NNGM, the

is the heating rate used in TPR/TPO
can also be interpreted as the difference

between the activation energy for growth and the activation energy for nucleation
(Hossain 2007; Hossain et al. 2007). In the case of instantaneous or random nucleation it
represents the activation energy for nucleation only. The values of activation energy are
also influenced by the metal-support interaction for supported oxygen carrier of this
study. There is a preferred orientation of the active component, which mainly depends on
the chemical nature of the support material (Richardson et al. 1994, 1996, 2003). In some
cases, the support is modified or a modifier/promoter is added to the support to minimize
the metal support interactions enhancing the reducibility of the catalyst. The reduction of
supported nickel oxide is a process controlled by the intrinsic chemical reaction step.
Thus, decreased activation energy directly contributes to increase reactivity of the
promoted oxygen carrier (Hossain 2007).
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Table 16: Values of exponent ‘n’ in A-E models
Values of n

Mechanism

n

A-E model
Random nucleation or linear

1

2

Model formulation

development
2-dimensional nuclei growth as disc
or cylinder (2D A-E model)
3-dimensional nuclei growth as
spheres or hemispheres (3D A-E

3

model)
Several empirical models are also available in the technical literature (Brown et al. 1980;
Kanervo et al. 2001; Wimmers et al. 1986). Brown (Brown 2001) reviewed alternating
models to describe gas-solid kinetics and its effects on the

(conversion – time)

sigmoid profiles.
6.3.2.2

Unreacted Shrinking Core Model (USCM)

The USCM is assuming a clearly defined interphase of reaction. According to this model,
the reaction initiates at the outer surface of the unreacted solid and proceeds towards the
center. As the reaction progresses, a layer of solid product (Ni0), termed as layer of ash,
is formed around the unreacted core (NiO). The thickness of this ash layer increases with
time while the core of unreacted solid reduces in size. Thus, a sharp interface between
the ash layer and unreacted core (Levenspiel 1999) is observed, and the reaction
progresses inward with the boundary of this interphase. The concentration of solid
reactant within the core remains unchanged from its initial value and is zero in the
product layer. This process is illustrated in Figure 27.
The USCM can be classified as (i) the grain model, which describes the solid reactant
phase as a non-porous grain of uniform characteristic length (Georgakis et al. 1979), and
(ii) the pore model, which considers the porous solid as a collection of hollow objects
(Patisson et al. 2002). Even though, the main difference between the models is the
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structural description (grain or pores), both models can be formulated from a generalized
mathematical form and adapted to the observed structure of a specific solid material.

Figure 27: Scheme of Unreacted Shrinking Core Model showing the formation of core—
shell structure at metal crystallite level
An unreacted shrinking core-model can be derived starting from the disappearance of the
moles of solid reactant (oxygen carrier) as follows:

(40)

where,

is the initial molar concentration of NiO in the oxygen carrier
,

represents the density of the oxygen carrier

particle conversion, b is the stoichiometric coefficient of NiO and
reaction per unit mass of the oxygen carrier

,

stands for the

denotes the rate of

assuming the density of the

carrier particles is not changed significantly during reduction.
For intrinsic surface reaction as the rate controlling step, the reaction rate per unit mass in
the balance equation can be associated with the reaction per unit surface area of the solid
particles

as below:
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(41)

where,

is the initial specific surface area of oxygen carrier

the structure of the oxygen carrier particles,

and depending on

reflects the change in the area of the

reaction surface as a function of particle conversion.
During the reduction and oxidation cycles of the oxygen carrier particle, the
stoichiometric ratio between the molar volume of NiO and Ni changes as shown by
Hossain (Hossain 2007). Thus, after reduction of the oxygen carrier particle, the porosity
of the carrier material increases due to the shrinkage of the particle volume inside the
pores and simultaneously decreases after re-oxidation. As a consequence, this changing
porosity influences the kinetics with the progress of the gas-solid reactions (Patisson et al.
2002). In USCM, this influence is incorporated with the term

in Eq. (41).

Thus, according to USCM for spherical grain as outlined in Figure 27, the particle
conversion can be correlated with the porosity in terms of changing volume of the
particle with the progress of reaction as follows:

(42)
(43)

where,

is the characteristic radius of the grain in the oxidized state

denotes the radius in the rapidly reducing state
changing area

and

of the oxygen carrier. Therefore, the

for spherical grain can be expressed as:

(44)

where,

is the weight of oxygen carrier

. Finally, the surface reaction rate

can

be obtained assuming first order reaction kinetics between a reactant in the gas phase
(H2/O2) and a solid NiO phase as follows.
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(45)

So, replacing Eq. (41), (45) and (44) to Eq. (40) yields the following kinetic rate
expression for the reaction in CREC riser simulator:

(46)

In the case of TPR/TPO experiments, the changes in gas phase concentration are
negligible. So, based on Eq. (35), the concentration term in Eq. (45) can be lumped with
surface reaction rate constant and Eq. (46) becomes:

(47)

6.4 Kinetics Experiment:
6.4.1

Non-isothermal (TPR) Experiments

The accuracy and reliability of the kinetic parameters estimated using TPR/TPO data are
very sensitive to experimental inconsistency, namely the amount of oxygen carrier, gas
flow rates, reducing/oxidizing gas concentration and position of the thermocouples inside
the quartz U-tube. These parameters significantly influence the shape and the peak
position of the TPR/TPO profiles (Monti et al. 1983). For instance, an increase in the
concentrations of the reducing/oxidizing agents shifts the reduction/oxidation peak
maxima towards the lower temperature while an increase in the heating rate increases the
peak temperature. Increasing (> 3mm) or decreasing (< 1mm) difference between the
thermocouple tip and particle surface can also reposition the peak maximum ±10 °C.
However, the total flow rate of the gas has minor effects on the reduction/oxidation
profiles.
Therefore, selection of appropriate operational parameters is very crucial for TPR/TPO
kinetic experiments. In this regard, Malet and Caballero (Malet et al. 1988) proposed a
selection criteria based on parameter ‘P’ as follows:
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(48)

where,

is the heating rate

or oxidizable species,
and

,

represents the initial molar amount of reducible

stands for the volumetric flow rate of the reactant gases

is for the active concentration of the reducing or oxidizing component in the

gas flow

. According to this criterion, the TPR/TPO curves may be severely

distorted and become flat at their maxima in the case where the inequality of Eq. (48) is
not satisfied. It was also highlighted that the accuracy of the kinetic parameters varied 1030% if the experiments with different heating rates were not performed at a fixed values
of

.

Based on this criterion, all the TPR/TPO experiments in this study were performed
maintaining a P values close to 10. Four different linear heating rates (2.5, 5.0, 10 and 15
°C/min) were used. As the effect of total gas flow rates over P values is negligible and
the changing of gas composition for each different heating rate is not feasible, the sample
weight was varied between 0.07-0.2 g to maintain the constant P values.
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Figure 28: TPR profiles of HMF oxygen carrier at different heating rates (a) and
corresponding
curve (b). Data points were taken in every 1 second and total
data points for individual heating rate is approximately 7000.
Figure 28(a) reports the TPR profile recorded for reduction kinetics of the HMF oxygen
carrier. One can notice a shift of the maximum TPR peak towards higher temperatures
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with this being true for increasing heating rates. Though a well-defined and almost
symmetrical profile is found, it is uncharacteristic when compared to the TPR profile
reported in Figure 19 for HMF. One can explain this different behavior of the HMF
oxygen carrier as a result of different calcinations conditions: (a) HMF calcined up to 550
°C (Figure 28(a)), (b) HMF calcined up to 750 °C (displays multiple peaks, Figure 19). In
kinetic study 550 °C calcination temperature was considered, as the proposed model
equations are valid for a well defined symmetric TPR profiles. To account for the surface
heterogeneity contribution or the multiple peaks of Figure 19, one has to deconvolute the
TPR profile and modify the model equations accordingly. This introduces significant
mathematical complexity and applicability of the models in both isothermal and nonisothermal conditions becomes questionable. Moreover, the re-oxidation process is
limited to 550 °C at the CREC riser simulator. Therefore, reoxidation at 750 °C is
recommended in further studies. This will allow the proposed kinetic model to be fully
appropriate in the simulation of a large scale CLC unit.

Table 17: The characteristics temperature of the TPR profile at different heating rates
Difference,

Initiation

Peak

Termination

Temperature,

Temperature,

Temperature,

2.5

215

315

450

235

5.0

225

340

480

255

10.0

245

370

525

280

15.0

260

400

580

320

Heating Rate,

The influences of heating rate on the characteristic temperatures of the TPR profile are
listed in Table 17. Both the TPR and TPO experiments were highly reproducible with
repeated peak maxima temperature within ± 3 ºC. The rates of solid-state conversion of
the oxygen carrier are observed clearly related to the rate of consumption of the gaseous
reactant (hydrogen/oxygen) during the TPR/TPO experiments.
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6.4.2

Isothermal Experiments

The isothermal reduction experiments with H2 were conducted at three different
temperature levels (550 ºC, 600 ºC and 650 ºC) and at close to atmospheric pressure
(1.05-1.1 atm). The contact time of the reduction runs were varied from 3 to 30 seconds.
The collected data are reported in Figure 29. A summary of the operational steps is
already provided in Section 4.4.2.3. Regarding the proposed isothermal model, one has to
be careful in extending the non-isothermal kinetic models of a fixed bed reactor (TPR
experiments) to a fluidized bed process such as the case of CREC riser simulator of this
study. The hydrodynamics and mixing profile of a fluidized bed process may
significantly differ and have an influence on the kinetics. Thus, and in order to account
for these effects, appropriate mathematical adjustments of the model equations are
considered and described in the upcoming sections.
As described in the experimental section (Chapter 4, Section 4.4), the CLC experiments
in the CREC Riser Simulator are conducted in an isothermal batch mode unit under
intense fluidized bed conditions. The CREC Riser Simulator is specifically designed to
achieve quasi constant species concentration for a given reaction time with the particles
in the bed being well mixed (Hossain 2007). Therefore, the effect of non-uniform
hydrodynamics like, solid and gas concentration gradient both in axial and radial
direction of the reactor and oxygen carrier contacting history can be ignored given the
turbulent mixing (rigorous mixing) of the reactant and products in the CREC fluidized
bed Riser Simulator.
In the case of TPR the effect of partial pressure of both the reactant and products are
neglected due to the high gas flow rate of reducing gases through the thin particle bed.
However, under the batch operational mode of CREC riser simulator, the rate of reaction
is significantly influenced by the partial pressure of reducing gasses (H2, CO and CH4)
(Hossain 2007). Therefore, the models used for TPR experimental data require
modification and the effect of partial pressure of the reactant gases have to be included as
shown in Eq. (36).
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Figure 29: Isothermal experimental data with H2 at 550, 600 and 650 °C using HMF
oxygen carrier.
In addition, the partial pressure of products may also have an effect over the reduction
rates. In particular, H2O is already recognized to inhibit the reduction rates through
adsorption on NiO sites (Richardson et al. 1994, 2003, 2004). Therefore, the collected
data of isothermal reduction experiment with H2 in this study as reported in Figure 29
was reviewed in detail. Careful investigation of these data reveals that almost 97% of the
lattice oxygen on NiO can be extracted within a very short period of time (30 s).
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Moreover, no quantifiable pressure drop was observed from the recorded pressure profile
(Figure 12) of the reduction runs, which is expected in the case of water adsorption.
Similar results were also reported under isothermal reduction of CuO with H2, CO and
CH4 (García-Labiano et al. 2004), and NiO with mixture of CH4 and CO2 (Hossain
2007). Thus, the inclusion of only partial pressure of the reactant gases in Eq. (39) and
(46) is justifiable. This also ensures that the established heterogeneous oxidationreduction models are applicable to the performed isothermal reduction experiments with
H2 in CREC Riser Simulator.

6.5 Parameter Estimation and Model Discrimination
6.5.1

Iso-conversion kinetics

The conversion of solid

is calculated using Eq. (33) based on the TPR profile at

different heating rates (Figure 28(b)). The required values

for the estimation of

activation energy were computed by numerical differentiation of
constant values of

vs.

data at different

for all the heating rates and corresponding temperatures

values were recorded. Thus, according to iso-conversion kinetics plot of
against

should produce straight lines for different values of

consistent straight line for different values of

. The lowest

. Figure 30 shows

value was found to be

0.967 due to scattering of data points, which is quite high compared to the reported
values using this technique (Adnadevi et al. 2009; Jankovi et al. 2

8; Kanervo et al.

2001).
Figure 30(b) reports the activation energy calculated from the slope of the straight lines at
different values of

. The average activation energy was observed to be

and is shown in blue solid line in Figure 30(b). It can be pointed out that at
low

the activation energy is slightly higher than the average value. Otherwise,

all the calculated activation energies are found close to the average line. These findings
allow for a conclusion that the values of

for the

were constant and

independent of . Therefore, the observed plateau (Figure 30(b)) for a wide range of
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values is indicative of a single-step reduction process and the absence of surface
heterogeneity.
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Figure 30: Estimated activation energy using iso-conversion methods from TPR profile
of HMF oxygen carrier for different heating rates.
The absence of surface heterogeneity is apparent from the TPR profiles in Figure 28.
Several others reported

variations in activation energy from the values

observed in plateau for

(Adnadevi et al. 2008, 2009; Hossain 2007; Kanervo et

al. 2001). Two possible explanations were provided in this regard. First, this may suggest
a shift in the relative rates of the elementary reactions. Alternatively, the increased
activation energy can be related to the slight heterogeneity of the reducible nickel species
supported on alumina. Another possible explanation could be that, at the later stages of
reduction, water accumulates and may retard the reduction reaction. Given this potential
water influence, Richardson et al (Richardson et al. 2003) proposed a LangmuirHinshelwood model to account for the water effect on the NiO/Al2O3 reduction rate. The
effect of water is negligible at the beginning of the reduction but becomes more
pronounced at the end.
However, in this study, none of these phenomena was observed in case of the reduction
runs with H2. Therefore, the range

was chosen as suitable for the non-

linear regression analysis of the TPR data using NNGM and USCM and the water
retardation effect is neglected.
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6.5.2

Regression Analysis of TPR data

The non-linear regression analysis in this study was performed using MATLAB. The Eq.
(38) and (47) were solved using a built-in ordinary differential equation solver (ODE45).
The kinetic parameters

and

of these two equations were estimated using least

square curve fitting tool (LSQCURVEFIT), which minimizes the error between the
experimental observations and numerical solutions of ODE45. The data points for the
evaluation of these kinetic parameters were obtained using the conversion values at every
ten seconds interval for individual heating rates as shown in Figure 28. Thus, for each
heating rate, the data set contains more than 700 points, which was adequate
to adjust the model parameters. The conversion values were collected
within the range of

.

The rationale for the selected range of solid conversion has already been discussed in
Section 6.5.1 considering the linearity of the activation energy obtained assuming that the
rate of reaction at a constant conversion is a function of the temperature only. Apart from
these, the reaction rate was found to be very slow for

(Figure 28 (b)). This could

be explained by the characteristics of induction period in NNGM. However, USCM does
not include the mechanistic induction period in their formulation. On the other hand, for
the rate of conversion is decreased. This can be described by USCM assuming
that the ash layer becomes very thick and is resisting the diffusion of gas phase reactants.
NNGM accounts for this in their mechanistic approach as a deceleratory or decay period.
Both models regard this range as diffusion control regime. Thus, only the range chosen
for regression analysis follows the intrinsic reaction control regime, for which the Eq.
(38) and (47) are valid, and, applicable for model discriminations with a meaningful
conclusion.
Model discrimination among different A-E models was based on correlation coefficients
, lowest SSQ (sum of square) of residuals and smallest individual parameter
confidence intervals. Given the

values and parameters spans obtained, it was

concluded that the best fitting was with Avrami exponent (n) value of one. Thus, a
random nucleation model (“n” value of 1) was selected. This is also consistent with the
constant crystallite size observed in between cyclic TPR and TPO experiments using H2
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pulse chemisorption (Table 11). The results of regression analysis with NNGM (random
nucleation) and USCM are summarized in Table 18 and Table 19 respectively. The
estimated

values using both models are plotted in Figure 31 in parallel to the

experimental data for comparing goodness of fit. To avoid Figure 31 of being
overcrowded with data, only a few experimental data points are reported.
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Figure 31: Conversion
plot for non isothermal reduction of HMF oxygen carrier
at different heating rates and under 10% H2 balance Ar flow. Symbols are for
experimental data points and lines represent the estimated values using NNGM and
USCM.
It is noticeable from Figure 31 that both models are capable of predicting the
experimental values. The

, SSQ and

values as reported in Table 18 and Table 19 are

slightly more favorable for NNGM. However, model discrimination based on these
parameters is not statistically significant. The band of 95% confidence interval, which is
one of the most used criteria for model discrimination in kinetic studies, is found large
enough for USCM. The activation energy values at different conditions are observed to
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vary from 56 to 40

, wheras in the case of NNGM, the activation energies remain

close to constant levels.
The model free approach, iso-conversion kinetics, has wide acceptance in the reaction
engineering field for its superiority and accuracy in estimating the activation energy from
non-isothermal data. Therefore, the results extracted by this method have been used
extensively to discriminate models that are mechanistically different (Hossain 2007;
Kanervo et al. 2001; Wimmers et al. 1986). Section 6.5.1 reports the average activation
energy of

at different values of

using iso-conversion technique.

These values are very similar to the ones calculated using NNGM
. On the other hand; the average activation energy
estimated from USCM varies almost 8% from the iso-conversion kinetics. The offset at
different heating rates is observed much higher, almost 27-30%.
Another interesting observation is that the obtained activation energies using different
techniques varies between

and

, which is within the range

reported by many researchers (Hossain et al. 2010a; Richardson et al.
2003). According to these studies, the activation energy falls into four groups depending
on the reduction rate-controlling regime. A first group exhibiting low activation energy
points toward the external or very strong pore diffusion resistance
limiting the overall reaction.
A second group with activation energies of

indicates that the pore

diffusion is controlling the overall reduction reaction. A third group, with activation
energy in the

range points towards a chemically reaction controlled

reduction. The fourth group covers the same temperature range as the third but exhibits
activation energies from

. This group includes results in which water

was added, a possible explanation for the higher activation energy is retention of H2O
molecules on the surface.
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Table 18: Kinetics and statistical parameters obtained from TPR data for different heating rates using NNGM

Estimated

95 % confidence interval
Lower

Upper

Band

Estimated

95 % confidence interval
Lower

Upper

Band

2.5

66,747

65,546

67,948

2,402

0.0918

0.0913

0.0924

0.0011

306.78

0.0052

0.9982

5.0

63,762

62,673

64,851

2,177

0.1737

0.1727

0.1747

0.0019

327.99

0.1032

0.9982

10.0

62,176

61,271

63,081

1,810

0.3302

0.3286

0.3317

0.0030

358.91

0.0501

0.9988

15.0

62,407

61,459

63,355

1,896

0.4987

0.4964

0.5010

0.0046

368.08

0.0559

0.9988

All β

62,779

62,204

63,354

1,150

0.2331

0.2316

0.2346

0.0030

346.38

0.0577

0.9897

Table 19: Kinetics and statistical parameters obtained from TPR data for different heating rates using USCM

Estimated

95 % confidence interval
Lower

Upper

Band

Estimated

95 % confidence interval
Lower

Upper

Band

2.5

44,123

41,044

47,202

6,158

0.0308

0.0304

0.0312

0.0008

306.78

0.0027

0.9964

5.0

42,299

39,488

45,110

5,622

0.0567

0.0559

0.0574

0.0015

327.99

0.1095

0.9963

10.0

40,731

38,261

43,200

4,940

0.1058

0.1046

0.1070

0.0024

358.91

0.0530

0.9972

15.0

40,582

38,007

43,156

5,149

0.1586

0.1567

0.1604

0.0037

368.08

0.0599

0.9974

All β

56,362

54,876

57,847

2,970

0.0752

0.0740

0.0765

0.0025

346.38

0.0022

0.9809
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One should notice that the activation energy estimated using NNGM falls within the
chemically reaction controlled region values, which is consistent with the hypothesized
absence of internal or external mass transport limitations. In contrast, the activation
energy from USCM represents the diffusion controlling regime.
Hossain et al. (Hossain et al. 2010a) reported the activation energy in the range of
for Ni/La-γAl2O3. It is noticeable that the activation energy observed in
this study is considerably lower. As discussed earlier (Section 6.3.2.1), this decreased
activation energy is observed because of the addition of Co as promoter, which directly
contributes to the enhancement of the reactivity of the HMF oxygen carrier. Enhanced
reducibility for the addition of Co has also been reported in case of Ni over α-Al2O3
(Hossain et al. 2007, 2010).
These results confirm both the adequacy of the NNGM and of the determined parameters
over the USCM. The inadequacy of the USCM can be related to the idealization included
in the definition of a characteristic length of the grain or pores. On the other hand,
NNGM with random nucleation fits better in defining the mechanistic of reduction
process and is also consistent with the physicochemical properties of the HMF oxygen
carrier as shown in the SEM pictures (Figure 25).
6.5.3

Model Validation using the CREC Riser Simulator:

To estimate the kinetic parameters, the isothermal reduction data (Figure 29) were fitted
with both the NNGM (random nucleation) and USCM model equation (Eq. (39) and (46))
as in the case of TPR kinetic analysis (Section 6.5.2) using MATLAB. The results of this
analysis are summarized in Table 20. The calculated model data using NNGM are plotted
with the experimental observations in Figure 32. Figure 33 compares the experimental
and model predicted conversion using both the models.
The activation energy was found to be

using NNGM model. The

span of 95% confidence interval is wider (Table 20) than the values found in case of TPR
data (Table 18). However, the activation energy is still within the range of chemical
control regime as discussed in the previous section. On the other hand, in case of the
USCM, the offset of activation energy reduces to 3.62 % from the calculated value of iso112

conversion kinetics. This value again falls within the range of diffusion control regime
and shows no agreement with the assumption based on the results of Eq. (27) and (29).

Table 20: Comparison of estimated kinetic parameters obtained from isothermal
reduction reactions with H2 in CREC Riser Simulator using NNGM and USCM

Model
Estimate

Estimate
Lower

Upper

Lower

Upper

NNGM

68,393

63,108

75,849

42.72

41.02

44.17

0.041 0.967

USCM

58,929

46,160

71,698

30.96

28.60

33.33

0.004 0.956
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Figure 32: Isothermal prediction of solid conversion
or H2 conversion
using NNGM (random nucleation) at different temperatures. Symbols represent the
experimental data and lines are for the model prediction
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The span of 95% confidence interval is also very large

. This implies that

other values within this span would be able to predict the experimental conversion with
satisfactory

values. Moreover, this span includes the activation energies ranging from

intra-particle diffusion control regime to chemical reaction control regime and suggests
uncertainty associated with USCM.

2D Graph 2
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Figure 33: Parity plot for conversion of oxygen carrier during reduction runs in the
CREC Riser Simulator using H2 with NNGM and USCM
Figure 33 also shows the competence of NNGM in providing a good correlation between
the experimental and the predicted conversion over USCM. It is also encouraging to see
that the activation energy parameters obtained both in the TPR experiments and the
CREC Riser Simulator fall in a close range, with this providing further evidence of the
proposed model applicability at different reactor configurations.
The only considerable difference was observed in the estimation of pre-exponential factor
between the isothermal and non-isothermal setup of this study. For the same type of
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experiment (isothermal or non-isothermal) the variation is negligible. This requires crosschecking the validity of the estimated Arrhenius parameter in both types of reaction
systems. Thus, at 550 °C isothermal condition the NNGM (random nucleation) was
solved with the estimated parameter from the TPR experiments and plotted with the
experimental values of the CREC riser simulator in Figure 34(a). The reverse was done
for Figure 34(b), where an attempt was made to model the TPR experimental data at 10
°C/min using the observed kinetics parameter of isothermal experiments.
Figure 34 shows that the non-isothermal pre-exponential factor is not able to predict the
isothermal conversion, while an isothermal frequency factor is adequate to estimate the
non-isothermal conversion.
Isothermal kinetics had been methodologically well established. They are considered as
the standard, with the assumption that it may also represent non-isothermal conditions
(Vyazovkin et al. 1998). Therefore, non-isothermal Arrhenius parameters are expected to
agree with the isothermal values.
However, recent progress in instrumentation shifted the long established trend of
isothermal kinetic studies to non-isothermal methods due to the ease of collecting and
analyzing larger number of data points with high accuracy. As a result, there is a
concurrent and continued extension of mathematical and computational techniques for
the analysis of these non-isothermal runs allowing acquisition of more kinetic
information from programmed temperature, dynamic, or non-isothermal experiments.
Thus, several graphical and mathematical methods have been developed to extract the
kinetics parameter form non-isothermal experiments to predict the isothermal reduction
profile of nickel oxide as summarized by Adnadevi and Jankovi (Adnadevi et al.
2009). They also concluded to the failure of the conventional methods in evaluation of
the isothermal conversion curves using the experimentally obtained non-isothermal
conversion curve below 300 °C due to varied internal energy distribution of nickel oxide
crystals. This study shows that the conventional methods are also inadequate for
determining the isothermal conversion above 300°C.

115

1.0

1.0
(b)
TPR at 10 oC/min
Model data

0.8

2

Conversion ( or XH )

(a)

0.8

0.6

0.4

0.4



0.6

0.2

0.2
550 oC
Model data

0.0

0.0
0

5

10

15

20

25

30 200

250

300

350

400

450

500

550

Temperature (oC)

Time (s)

Figure 34: Plot of model estimated conversion values (α) with experimental data in
isothermal and non-isothermal setup. (a) Symbols are for the isothermal data at 550 °C
reduction runs with H2 and lines represent the model data calculated using the estimated
kinetic parameter from non-isothermal TPR experiments. (b) Symbols are for the nonisothermal TPR data at 10 °C/min heating and lines represent the model data calculated
using estimated kinetic parameter from isothermal experiments in CREC Riser Simulator.
Brown (Brown et al. 1980) reported the associated errors in the case of a kinetic
investigation using rising temperature techniques. According to these authors, errors are
attributable to heat transfer during endothermic or exothermic rate processes. In this case,
perhaps the reactor, is at a higher/lower temperature than that within the reactant mass
and such differences are enhanced during an endothermic process A temperature
gradient is, therefore, developed within the reactant, for which an allowance should
be made.
A widely accepted assumption in the kinetics study based on TPR data is that the
remains constant along the bed for a given reduction time.
Thus, it can be included in the pre-exponential factor regarding the whole term as a single
pseudo-constant. However, if the reduction profile includes a wide range of temperature,
the kinetic energy of the reducing agent also varies. This is likely to affect the intrinsic
rate of reduction. Kanervo (Kanervo et al. 2001) incorporate this effect in the growth rate
of nuclei as considered by the kinetic theory of gases. According to the kinetic theory of
gases, the average velocity of molecules in the gas phase is related to temperature, and
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the flux is inversely proportional to the square root of temperature. However, accounting
for this factor in case of random nucleation yielded no discernible difference.
Nonetheless, it is realized that this finding is important from the perspective of the
estimation of kinetic parameters in CLC, as a large number of kinetic studies in this field
was reported based on non-isothermal and isothermal TGA experiments. Though, in this
study, it is found that non-isothermal kinetics study could provide accurate estimations of
the activation energy, it is shown that its applicability should be limited for determining
other properties such as reduction/oxidation temperature, temperature at which the rate is
maximum, oxygen carrying capacity and establishing surface heterogeneity of the oxygen
carrier.
As a result, one can envision that these findings may facilitate estimation of the kinetic
parameter as follows: (a) activation energy determination using non-isothermal TPR
experiments, (b) use of a few additional isothermal runs to accurately predict the preexponential factor. This proposed combination of non-isothermal and isothermal set of
experiments reduces considerably the efforts required in estimation of both Arrhenius
parameters.

6.6 Conclusions
The reductions kinetics of the HMF oxygen carrier was investigated using iso-conversion
kinetics, NNGM and USCM. The applicability of the kinetic models was established on
the basis of statistical significance of the fitted parameters and the observed
physicochemical properties as discussed in Chapter 5. The findings of this chapter could
be summarized as below:
a. Based on the sound assumption of negligible transport limitations, both NNGM
and USCM intrinsic phenomenological based kinetic models were found adequate
in the estimation of the reduction process under various experimental conditions
of this study.
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b. A least square fitting of the experimental data and comparison of the parameters
estimated using model free approach showed that NNGM was better than USCM
in describing the mechanism of reduction process.
c. The activation energy approximated using NNGM falls within the range of a
chemical control regime and is consistent with the hypothesized absence of
internal or external mass transport limitations. In contrast, the activation energy
from USCM approach involves a diffusionally controlled reaction.
d. The findings of this study also suggest that the kinetic study based on nonisothermal experiments has limitations in determining the pre-exponential
Arrhenius parameter. Isothermal experiments are recommended for accurate
measurements of both the activation energy and the pre-exponential factor.
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CHAPTER 7

SOLID-STATE KINETICS: REACTION WITH CH4
7.1 Introduction
This chapter reports the experimental results obtained with the prepared oxygen carriers
in the CREC Riser Simulator using methane as the reducing gas. The kinetic modeling
study was developed using NNGM (Nucleation and Nuclei Growth Model). The
adequacy of the NNGM over the USCM (Unreacted Shrinking Core Model) has already
been discussed in the previous chapter of this dissertation.
The possible heterogeneous reactions based on the experimentally observed chemical
species are reviewed in Section 7.2 of this chapter. Model equations are discussed in
Section 7.3 with the assumption that reduction processes are chemically controlled. This
assumption was already confirmed on the basis of data and information provided in
Section 6.2. Furthermore, a suitable pathway for the reduction process is identified using
the statistical significance of Arrhenius parameters, which are reported in Section 7.4.
Finally, the various findings are compared with the available literature data.

7.2 Reaction Mechanism
The possible reaction pathways for the combustion of methane with oxygen carrier are
already outlined in Section 2.4. One can notice from Eq. (4) to (7) that the combustion of
methane can take place either through direct formation of CO2 and H2O (Eq. (4)) or
through the formation of intermediate species CO and H2 (Eq. (5)). Chemical species
subsequently formed can be oxidized to CO2 and H2O (Eq. (6) and (7)). Therefore,
special attention to the primary products of CH4 conversion is required, with these
primary products being a strong function of the metal oxide used as an oxygen-carrier
(Adanez et al. 2012).
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Abad et al. (Alberto et al. 2010) assumed that the conversion of methane takes place via
H2 and CO species. This path was considered adequate to predict the gas composition of
a 10 kW CLC unit (Adánez, et al. 2006a) operated with Cu-based oxygen carriers.
During the reduction of Fe-based and CaSO4 oxygen carriers, the major combustion
products were CO2 and H2O with variable amounts of CO and H2. (Abad et al. 2007;
Corbella et al. 2007; F. He et al. 2007; Johansson et al. 2004; Leion et al. 2008; Mattisson
et al. 2004; Mattisson et al. 2001a; Pröll et al. 2009; Song et al. 2008, 2009).
The same approach was also taken by Illuita (Iliuta et al. 2010) for their studies on NiO
reduction with CH4 in a fixed bed reactor. These authors found that the reduction steps
were more selective toward the formation of CO2 than CO at the temperatures of interest
in CLC. As a result, these authors assumed that the primary products of the CH4 reacting
with NiO were H2 and CO2.
The direct reaction (Eq. (4)) of CH4 to CO2 and H2O was also reported by several others
(Dewaele et al. 1999; Hossain et al. 2010, 2010b; Sedor et al. 2008) using NiO with no
CO and H2 detected at the exit gas stream of a FR. This assumption was also found
adequate to predict gas distribution in a 120 kW CLC unit (Abad et al. 2010a). Similarly,
this one step reduction process was observed (Abad et al. 2006; Johansson et al. 2006)
and modeled (Mahalatkar et al. 2011) using a Mn-based oxygen carrier.
Thus, different mechanisms for methane conversion using Ni-based materials can be
adopted based on the species present at the exit of a reduction reactor. Figure 35 and
Figure 36 present the exit gas concentration of the reduction runs conducted with HMF
and MF oxygen carriers. One can notice the presence of both CO and H2 from the very
beginning of the reduction processes. Therefore, it was felt in this study that the
combustion of CH4 to CO2 and H2O has to be considered through the formation of CO
and H2 as the intermediate species. Moreover, the rate of change of CO and H2
concentrations after 20s is low. This suggests either the possible development of
equilibrium reactions catalyzed by reduced Ni or the depletion and/or low reactivity of
the lattice oxygen of the carrier particles (Adánez et al. 2006; Chandel et al. 2009; Dueso
et al. 2010; Mattisson et al. 2006b; Ryu et al. 2003).
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Figure 35: Gas product distribution at the exit of CREC Riser Simulator with HMF
oxygen carrier for the temperature range of 550 to 650 °C while the contact time was
varied up to 40 s. (
)
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Figure 36: Gas product distribution at the exit of CREC Riser Simulator with MF oxygen
carrier for the temperature range of 550 to 650 °C while the contact time was varied up to
40 s. (
)
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One should mention that the mechanism for CH4 conversion via methane reforming (Eq.
(8) to (10)) can be of higher relevance when H2 and CO are the main unconverted
products (Adanez et al. 2012). The conversion of methane by reforming, decreases with
the increase in the total pressure (Jin et al. 2002) and also depends on the degree of
reduction of NiO particles. However, the occurrence of the reforming reaction under the
operating condition of this study is not kinetically feasible enough for consideration.
Similarly the decomposition reactions (Eq. (11) to (14)) are ignored as they are favored
when the degree of reduction is above 80% (Cho et al. 2005) or less than 25% of the
required oxygen is supplied for complete combustion of CH4 (Jerndal et al. 2006).
A maximum particle conversion was observed 75% in the present study. Moreover, the
outlet gas analysis from the carrier re-oxidation cycle (regeneration) showed negligible
amounts of CO and/or CO2, with this being an indicator of little carbon formation during
the reduction cycle. Therefore, ignoring the contribution of decomposition reactions is
consistent with the experimental observations.
The water-gas-shift (WGS) is the only catalytic reaction (Eq. (15)) that appears relevant
and feasible within the operating condition of this study. This reaction is relatively fast
and can be considered to be at equilibrium (Abad et al. 2010a). On the other hand, the
reaction with H2 is relatively rapid enough when compared to CO conversion. Thus, the
disappearance of H2 with NiO particles is compensated by the H2 generated via WGS.
However, this study and other reported experimental data, both provide evidence (Abad
et al. 2007) that the gas composition is far from thermodynamic reaction equilibrium.
Therefore, including the relevant WGS, the following reaction mechanism is proposed
and used for kinetics investigation in the present study:

(49)
(50)
(51)
(52)
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7.3 Model Formulation
The kinetic expression as expressed in Eq. (39) assumes that the rate of H2 consumption
in the CREC Riser Simulator is of first order due to its linear dependency on the reactant
species partial pressure. Based on experimental investigations under varying partial
pressure of the reactant gases, similar observations were reported in case of CH4 and CO
by several authors (García-Labiano et al. 2004; Hossain 2007; Iliuta et al. 2010; Ortiz et
al. 2012). These authors concluded that the rate of reactions increases linearly with the
rising partial pressure of reactants whereas they are independent of the total pressure in
the reactor. Therefore, assuming first order reaction with respect to the reactant gases and
NNGM with random nucleation, a rate expression analogous to Eq. (39) can be written as
shown below and summarized in Table.

(53)
(54)
(55)

The intrinsic rate expression for WGS

was derived using the

Langmuir-Hinshelwood-Hougen-Watson approach and Freundlich’s adsorption concept
by Hou and Houghs (Hou et al. 2001) and used in this study to estimate the kinetic
constant as follows:

(56)

The corresponding adsorption coefficients and equilibrium constant are:

(57)
(58)
(59)
(60)

124

In Section 6.4.2 it was already discussed that the products of reduction reactions have a
negligible effect on rates, especially for CO2. However, it was also highlighted that the
experimental data needs to be analyzed carefully to understand the possible inhibition
effect due to the formation of H2O.
A detailed inspection of Figure 35 and Figure 36 suggests the possibility of water
inhibition. Unlike the reduction runs with H2, the rate of reduction slowed down
considerably after 20 s. This can be attributed to depletion of the oxygen carrier or
reducing agents. However, none of these expected trends was observed from these two
figures. In addition, one could notice that almost 40% oxygen of the oxygen carriers was
still available after 20 s of reactions. The drop in rates might be assigned to low reactivity
of the carrier particles. However, this is also not in agreement with: (a) the oxygen carrier
reduction rates data using CH4 with reaction time up to 20 s, (b) the physicochemical
analysis reported in Chapter 4 and (c) the H2 reactivity findings of Chapter 5.
The observed decrease in oxygen carrier reduction rates was possibly due to the H2O
adsorption phenomena, which was also supported by the overall mass balance. This
analysis identified that, during the oxygen carrier reduction with methane, observed
changes of total pressure in the CREC Riser Simulator were not significant after 20 s.
This was essentially in contrast with the expected total pressure change as defined using
GC data.
Figure 37(a) reports the calculated difference in moles from GC data and pressure
profiles observed in the case of the MF oxygen carrier. This decreasing trend suggests
that the adsorption effect decreases due to lack of available NiO sites with the increased
reduction of the particles. However, a substantial amount of NiO sites, likely occupied
with H2O may not be available for reaction after 20 s.
The effect of H2O on reduction rates at the temperature of CLC was not observed in
many cases (Abad et al. 2007b; Abad et al. 2010; García-Labiano et al. 2004; Hossain et
al. 2010, 2010b; Ishida et al. 1994c). Nonetheless, the negative effect was observed using
Ni over bentonite and YSZ support (Ishida et al. 1994c). Richardson suggested that this
inhibiting effect is enhanced with the addition of oxide additives like SrO, La2O3, CaO
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and MgO (Richardson et al. 2004). It was postulated that the adsorbed water formed
hydroxylated surface groups that impeded diffusion of Ni0 species to nucleation sites,
thus, slowing the overall reduction rate. Fubini (Fubini et al. 1989) found that H2O
chemisorption occurs in four principal modes: isolated
hydrogen-bonded

,

, coordinative

and dissociative

adsorption process.
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Figure 37: (a) Differences in total moles of the system calculated from the GC data and
pressure profile of the CREC Riser Simulator, (b) Amount of water adsorbed at different
partial pressure and temperature in the CREC Riser Simulator during the adsorption
experiments
To validate the adsorption of H2O effect under the reaction conditions of this study,
experiments were performed according to the procedure discussed in Section 4.4.2.3 with
partial pressure of water being monitored. Results are reported in Figure 37(b), which
shows that the amount of adsorbed water increases with increasing temperature,
suggesting a chemisorption process. To allow for the complete desorption of water, the
reactor temperature was raised to 50 °C above the temperature of adsorption under a high
flow Ar gas. The temperature was kept constant for an hour and then lowered down to the
desired condition for re-adsorption. Therefore, these experiments were limited up to 600
°C.
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Given the potential water influence, Bandrowskit (Bandrowskit et al. 1962) proposed a
Langmuir-Hinshelwood model to account for the water effect on the reduction rates as
follows:

(61)

where, stands for the reactants,

represents the adsorption constant

is for the partial pressure of water

and

. Finally, the following mass balance

equations can be written for the species present in the reduction runs:

(62)
(63)
(64)
(65)
(66)

(67)

where,
,

is the total moles of NiO,

represents the atomic weight of reduced Ni

denotes the gas constant

reduction reactor volume

,
and

stands for the

is defined as the ratio of moles of reduced

NiO at anytime to the total moles of NiO present in the system.

7.4 Regression Analysis and Parameter Estimation
The non-linear regression analysis was performed using the method already outlined in
Section 6.5.2. The data set contained 324 points and was adequate enough to adjust the
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ten kinetic parameters,

and

. Table 21 summarizes the results

of the regression analysis of the reduction data collected for HMF oxygen carrier.
The

value was found 0.9894, which is quite satisfactory. The activation energies for

the three combustion reactions were found to be within the expected range reported in the
literature. Concerning the water gas-shift reaction (WGS) activation energies, the values
reported are in the 8.32 to 26.6

ranges (Hou et al. 2001; Salaices 2010).

As a result, the calculated parameters for WGS can be considered to be reasonably in line
with the data from the literature. However, one can easily notice that the 95% confidence
interval is very large and the lower value becomes negative. This implies that the
contribution of the WGS can be neglected and that the three combustion reactions (Eq.
(49) to (51)) are adequate to estimate the exit gas composition of the reduction runs.

Table 21: Kinetic and statistical parameters obtained using the reduction data of HMF
oxygen carrier with CH4 in the CREC Riser Simulator

Rate Constant*

Estimate

Estimate
Lower

Upper

Lower

Upper

Therefore, the WGS reaction term in the differential equations (Eq. (62), (63), (65) and
(66)) was neglected and regression analysis was performed with the reduction data for
both the HMF and MF oxygen carriers. The estimated kinetic parameters and values of
the 95% confidence interval are reported in Table 22 and Table 23. Table 24 and Table
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25 show the cross-correlation matrix of the estimated parameters. The calculated model
data are plotted with the experimental observations in Figure 38 and Figure 39. Figure 40
compares the experimental and model predicted data points for both HMF and MF
oxygen carriers.

Table 22: Kinetic and statistical parameters obtained using the reduction data of HMF
oxygen carrier with CH4 in the CREC Riser Simulator without WGS

Rate Constant

Estimate

Estimate
Lower

Upper

Lower

Upper

Table 23: Kinetic and statistical parameters obtained using the reduction data of MF
oxygen carrier with CH4 in the CREC Riser Simulator without WGS

Rate Constant

Estimate

Estimate
Lower

Upper
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Lower

Upper

Table 24: Cross-correlation matrix for the estimated parameters using the reduction data
of HMF oxygen carrier

Table 25: Cross-correlation matrix for the estimated parameters using the reduction data
of MF oxygen carrier
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Figure 38: Model prediction and experimental data for the reduction runs with CH4 in
the CREC Riser Simulator using HMF oxygen carrier without considering the WGS
reaction.
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Figure 39: Model prediction and experimental data for the reduction runs with CH4 in
the CREC Riser Simulator using MF oxygen carrier without considering the WGS
reaction
One should notice that all the kinetic parameters were obtained with narrow parameter
spans (Table 22 and Table 23) and small cross-correlation coefficients (Table 24 and
Table 25). This confirms that the parameters are highly reliable in predicting the
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experimental points. This is clearly evident from Figure 38, Figure 39 and Figure 40
where the model data calculated using these estimated parameters lie within the close
proximity of experimental data points. The

values were found to be

and

respectively for HMF and MF oxygen carrier.
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Figure 40: Parity plot of model predicted against experimentally observed data for a.
HMF and b. MF oxygen carriers during reduction runs in the CREC Riser Simulator
using CH4 with NNGM (random nucleation)
The activation energies found for methane combustion reaction (Eq. (49)) was within the
range (Table 6) reported in case of Ni-based oxygen carriers for CLC. This value was
slightly larger in case of MF and consistent with its physicochemical properties as
discussed in Section 5.45.4. This also confirms the increased metal support interaction of
MF as observed when compared to that of HMF. Moreover, all of the activation energies
for the HMF carrier were within the reaction controlled region values, which are also
consistent with the hypothesized absence of transport limitations. However, the activation
energy for CO combustion reaction in the case of the MF oxygen carrier was below this
range, implying the presence of slight intra-particle diffusion resistance. In other words,
CO competes for available NiO sites for combustion.
The adequacy of the NNGM over the USCM was observed repeatedly in this study. This
model consistently predicted the activation energy for reduction of oxygen carriers using
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Model Data

6

5

H2 under different reaction conditions. The activation energy was found to be
, which is also within the 95% confidence interval band observed in Chapter 6.
Moreover, the trend of activation energy was found to follow the order of
, which is also in agreement with the references already reported in Section 2.5.
The

and

heat of adsorption for HMF and MF oxygen carrier

suggest that water chemisorption is an isolated adsorption and a hydrogen-bonded
adsorption process respectively as characterized by Fubini (Fubini et al. 1989).

7.5 Conclusions
This chapter provides further insight into the reduction mechanism of the prepared
oxygen carriers with methane. The proposed mechanism is found adequate to describe
the product distribution of the reduction processes. The estimated kinetic parameters are
obtained with reduced spans, high correlation coefficients and low cross correlation
coefficients. These parameters are also within the bounds reported in the literature and
consistent with the approximation of negligible transport limitations.
Nonetheless, the reduction runs showed significant presence of unconverted CO, H2 and
CH4 within the pre specified conditions of this study. Complete conversion of methane to
CO2 and H2O is highly desirable in CLC (Adanez et al. 2012; Hossain et al. 2008). In this
respect, one should recognize that the reduction runs of this study were performed with
stoichiometric amount of NiO required for complete conversion of methane. Reduction
runs with more than stoichiometric amount is highly recommended in CLC operation,
especially with the Ni-based oxygen carrier to achieve maximum fuel conversion
(Hossain et al. 2009). Gayán (Gayán et al. 2013) showed that almost 99% conversion
efficiency could be reached with 20% excess oxygen from the stoichiometric amount.
Moreover, the reduction temperature in this study was relatively low, when compared
with the conventional CLC operating temperatures. Increasing temperature also facilitates
higher conversion (Hossain et al. 2009). Therefore, by using higher reduction temperature
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and employing particles contributing more than the stoichiometric amount of oxygen, one
could ensure higher combustion efficiency with the prepared oxygen carriers.
Researchers also recommend the use of two in-series fluidized bed reactors for fuel
combustion instead of one. This is significant in order to maintain a relatively low
operating temperature and contact time. In this process configuration, the outlet gas from
the first fluidized bed reactor enters the second fluidized bed reactor where the unreacted
products are combusted completely with a fresh oxygen carrier (Adánez et al. 2006;
Hossain et al. 2009; Jin et al. 1998). It was also reported that special arrangements like
the counter current flow of solid particles and reactant gases was able to extract the
maximum oxygen from the carrier particles with high combustion efficiency (Adanez et
al. 2012). This in-series fluidized beds concept or the counter current arrangements with
short contact time could likely be also considered for the oxygen carriers of the present
study.
However, it is our view that the hydrophilic nature of the oxygen carriers needs to be
addressed at the preparation stages. Reducing the La content to 2-3% could minimize the
inhibition effect while stabilizing the γ-Al2O3 support at the same time.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions
The present study was developed using a new 20 wt% Ni-based oxygen carrier doped
with 1 wt% Co over 5 wt% La modified γ-Al2O3 support. The oxygen carrier was
prepared using the incipient wetness technique. The reduction of metal precursors was
achieved in a specially designed fluidized bed reactor operating under three different gas
flow rates. All the three prepared oxygen carriers were subjected to several well
established characterization techniques like N2 adsorption isotherm, TPR/TPO
(temperature programmed reduction or oxidation), XRD, XPS and SEM-EDX in order to
evaluate and estimate the important physicochemical properties of interest at CLC
operating conditions. The reactivity and regenerability were also established with CLC
fuel (H2 and CH4) using CREC Riser Simulator under the expected conditions of an
industrial scale fluidized bed CLC unit. The phenomenological-based kinetics models
were developed based on the results of these analyses. The kinetic parameters were
obtained using nonlinear regression of the reaction data.
Based on these analyses, the following can be concluded as the major findings of this
study:
1. XPS and SEM-EDX analysis provided showed good agreement between the
targeted and observed metal loadings.
2. The particle size distributions of the prepared oxygen carrier display a Geldart
Class A powder property, which is highly fluidizable under CLC conditions. The
fluidizability was also confirmed using plexi-glass model of the CREC Riser
Simulator.
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3. The reactivity of the oxygen carriers under study can be significantly influenced
by controlling the flow rate of the reducing gas during the preparation steps.
Metal precursors’ decomposition reactions are exothermic in nature. These
exothermic reduction reactions may facilitate surface dehydroxylation of the
support, collapse of pore structure and sintering process. In particular, sintering
effects were apparent using SEM imaging. Therefore, the extent of heat removal
during preparation steps was found to be critical to achieve the desired physical
and chemical properties of the oxygen carriers.
4. BET and the TPR/TPO show that controlled dehydroxylation minimizes the metal
support interaction, increases the surface area and enhances the oxygen carrying
capacity.
5. The reactivity and structural properties of the oxygen carriers as observed when
performing the TPR and N2 adsorption analyses were strong indicators of the
existence of δ- and θ-alumina phases. However, their absence in the XRD
experiments suggested that phase transformations may occur at the interfaces
between the Ni crystallites and the alumina support surfaces only, whereas the
bulk structure of the support remained in the γ-phase.
6. The above discussed characteristics can be assigned to the varying concentrations
of surface Al+3 ions in tetrahedral configurations of γ-Al2O3. Surface Al+3
tetrahedral ions were reported to be responsible for irreducible solid solution
formation, like NiAl2O4, and a highly porous structure of γ-Al2O3. The observed
reactivity in TPR experiments suggested that the HMF carrier contained the
lowest Al+3 ions surface density while the BF carrier contained the highest surface
Al+3 ions at tetrahedral configurations. This conclusion was also supported by the
results obtained using XPS analysis.
7. The prepared oxygen carriers displayed excellent stability and agglomeration
resistance under the high operating temperature of CLC. Consistent Ni crystal size
was observed in H2 pulse chemisorption, which was performed in between each
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TPR/TPO cyclic experiment. SEM images of fresh and used carrier samples also
displayed similar distributions of the metal crystallites.
8. A solid-state reaction kinetics study was developed using NNGM (Nucleation and
Nuclei Growth Model) and USCM (Unreacted Shrinking Core Model). Reduction
data with H2 under non-isothermal fixed bed (TPR) and isothermal fluidized bed
(CREC Riser Simulator) conditions were used for model discrimination.
9. The NNGM was more effective in describing the mechanism of the reduction
process compared to the USCM. This was proven by the statistical significance of
the span of estimated parameters.
10. The calculated activation energies

using NNGM was

found to be consistent with the chemical control regime.
11. The comparison of heterogeneous kinetics based on non-isothermal and
isothermal experiments showed the limitations of non-isothermal experiments in
determining the pre-exponential Arrhenius parameter. Isothermal experiments
were suggested for accurate measurements of both the activation energy and preexponential factor.
12. The combustion of CH4 to CO2 and H2O was observed through the formation of
CO and H2 as the intermediate species during the isothermal experiments at
CREC Riser Simulator.
13. The activation energies for reduction runs were found
and

,

respectively for H2, CO and CH4 under the different

reaction conditions and setups of this study. The estimated parameters were
within the range documented in the literature and consistent with the
approximation of negligible transport limitations.
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8.2 Recommendations
The several physicochemical characterizations and reactivity analyses under CLC
operating conditions of the present study expose potential areas for future research as
follows:
1. The hydrophilic nature of the prepared oxygen carrier particles can be minimized
using a lower La level than the one used in this study. However, reducing the La
content may also enhance the undesired phase transformation to θ- or α-Al2O3.
Therefore, it is recommended to investigate the optimum La loadings for less
hydrophilic oxygen carriers with stable porosity under the operating condition of
CLC.
2. The combustion efficiency when utilizing these oxygen carriers could be
increased by using oxygen carrier particles which transport oxygen in excess of
the stoichiometric amount. This needs to be evaluated experimentally before
considering it for continuous CLC operation.
3. The reduction runs with CH4 were performed with carrier particles oxidized at
550 °C. Therefore, it is also advisable to repeat these reduction runs with higher
calcination temperatures such as the ones used during TPR/TPO experiment (750
°C).
4.

The presence of unconverted H2 and CO during the reduction reaction with the
prepared oxygen carrier also opens up the possibility of these carrier particles
being used under Chemical Looping Reforming (CLR) conditions.
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